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PARITY. VIOLATION IN T1™"~ AND RESONANCE TRAPPING

OF OPTICAL RADIATION

Melvin Kurt Simmons
Department of Physics -
and
Lawrence Berkeley Laboratory
University of California
Berkeley, California

November 17, 1972
ABSTRACT

This thesis describes an investigation of the feasibility
of observing a gamma-ray asymmetry from optically pumped.HgZOS.
Such a parity-violating asymmetry results from the weak interaction
between nucleons predicted by the current-current modei of the weak
interéction. The size of the predicted asymmetry ié o 1>'<10_4 for
a perfectly polarized sample. We have performed optical pumping

201 and HgZOS

experiments on Hg to determine if sufficient polarization
can be obtained in a high density sample for the pfedicted}asymmetry
to be observed. We find that resonance trapping of the optical |
pumping light causes depolarization in high density samples and
prevents observation of the asymmetry.

The phenomemon of resonance trapping was further investigated
by observation of a two-photon cascade of calcium in an atomic beam.
We observe trapping of the S¢cond photon of the cascade. Perturbation

of the intermediate atomic state by an external magnetic field was

observed by the effect on the angular correlation and linear



These correlations

polarization correlation of the two photons.

were also affected by resonance trapping.
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I. INTRODUCTION

A. Parity Violations in Nuclei

Our understanding of weak interactions can be summarized in a
weak interaction Lagrangian which contains only a éelf—interacting
charged current. This Lagrangian succeeds in describing fﬁlly leptonic
and semi-leptonic processes. It‘also has had some success in descri-
bing non—leptoﬁic strangeness-changing weék decays of hadrons._

However the self-interacting current form of the Lagrangian predicts

more than that. The diagonal terms in the Lagrangian describe processes

not yet'observed. Some of these, such as muon-neutrino elastic
scattering, are far beyond our technological capabilities and may ﬁever
be observed. Thus the possible existence of a weak force between nu-
cleons is an important test of our present concept of fhe nature of the
weak interaction.

If the weak interaction between nucleons had no unusual prbper-
ties, it would be hopeless to try to observe its effects agaiﬁst the
background of the nucleon-nucleon strong interaction. The dimension-
less coupling constant for the strong nucleon -pion vertex is g=10,
whereas the corrésponding coupling constant for the weak coupling is

sz 7

ﬂz10_6, so we have a ratio of about 10

in the strength of the
interaction. Thus the weak nucleon-nucleon coupling can be detected |
only ifAit has some effect which'could not be caused by the strong
interaction. The well-known parity violation of the weak interaction '

provides such an effect.

A parity-violating nuclear force will express itself in two ways.
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Transitions which were forbidden by conservation of parity will now
proﬁeed with a rate proportional to the square of the weak interaction
coupling constant, or about 10_14'times the rate of an allowed tran-
sition. There will also be non-zero average values of pseudo-scalar
quantities because of the interférence of the weak and the strong
interactions. These quantities will be first order in the weak coupling
constant, or about one part in 107. These effects are both quite small,
but in favorable circumstances the parity-violating amplitudes may be
enhanced and become more.easily observable.

The effect of the weak potential has been seen in parity-forbidden
alpha decay, in the circular polarization (helicity) of nuclear gamma
‘rays, and in the asymmetry of gamma rays emitted subsequent to the
capture of polarized neutrons. The evidence in favor of the existence
of the weak nucleon-nucleon potentiallis now rather convincing. How-
ever the difficulty in comparing these eXperiments with theoretical
predictions makes it essential that as many eXpérimental cases as
possible are investigated.

B. Experimental Approach

We decided to search for an asymmetry of gamma—raysvemitted by
polarized nuclei. This is analagous to the eXperiment by Wu et. al.
(W57) which observed an asymmetry of beta-rays from polarized‘bo60
nuclei, and first.establiShed the existence of parity violation in the
weak interaction. We chose this approach because the effect is first
order in the weak coupling constant, and because it does not require

the measurement of the circular polarization of gamma-rays (for which

there exists no efficient technique). The problem one faces in this
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approach is to find a way to polarizé a large number of radioactive
nuclei for the period of time required to ﬁeasure a very small
asymmetry.

We éonsidered many techniqués of nuclear polarization, some of
them common and some of them bizzare., The most promising technique
seemed to be optical pumping of a diamagnetic vapor (only nuclear
angular momentum in the atomic‘ground state). This technique has
| been widely employed in the measuremént of atomic energy level spacings
. and in the study of atomic collision processes, but had not yet‘been
employed in the study of nuclear processeé. The reported experiments
on optical pumping had been performed at low atomic densities. To
successfully observe a nuclear périty'violation, we would have to use
a high atomic density to achieve the required high count rate. Thus
our first goal was to determine the feasibility of optically pumping
a vapor at high atomic densities.

The element most often employed in optical pumping experiments is
mercury. It is fortunate that the isotope ngos, by beta decay to

203

an excited state of Tl (see figure 1), emits a gamma fay of 279

Kev which can be efficiently detected by NaI(Tl) crystals. Further-
more the normal (parity non-violating) amplitude of this transition is
retarded and an enhancement by a fact9r of about 100 can be expected.
This is the case we chose to investigate.

A diagram of the experimental set-up is shown is figure 2. The

204

optical pumping light is supplied by a Hg resonance lamp, which

emits a spectral line which overlaps one of the hyper-fine absorption

lines of ngos. The light is circularly polarized by a linear polarizer
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and quarter-wave plate.' The _ngo3

vapor to be polarized is contained
in a quartz cell located in a uniform magnetic vfield. The optical
pumping beam is di»rected‘thro‘ugh the cell pafallel to the magnetic
field direction by a mirror. The detector crystals located on the op-
tical pumping axis measure the gamma emission fate parallel and |
antiparallel to the direction of the induced nuclear polarization.
The circular polarization of the optical p@nbing light is reversed and
the count rates of the detectors are examined for_ an asynmetry corre-'_'

lated with the direction of the nuclear spin. The measurement of _this

asymmetfy is the ultimate goal of this experiment.

e e et
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II., PARITY VIOLATIONS IN NUCLEI

A. Theory

1. Weak Interactions

Merely the existence of a parity-violating weak interaction be-
tween leptons and nucleons suffices to produce a parity-violating
coupling between nucleons by exchange of a lepton pair. However this
coupling is of second order in the weak interaction, too small to be
seen in any conceivable eﬁperiment. If the weak interaction Lagran-‘
~gian is of a self-interacting form, then there should also be a
parity-violating nucleon coupling first order in the weak interaction.
This was first suggested in the early paper by Feynman and Gell-Mann
(FG58) and has been the subject of extensive theoretical investigation.
The form usually assumed for the weak Lagrangian is L = (G/2v2)-

(Julz * JzJu), where the current Jﬁ includes both leptonic (ju) and
hadronic (Jﬁ) currents. The cross-terms in L between various parts of
Jﬁ provide an elegant description of beta-decay, muon decay, and the
semi-leptonic decays of hadrons. However the existence of the diag-
onal terms in L is a crucial test of this form of the weak Lagrangian,

The diagonal terms in L involving the leptonic currents describe
e-v, scattering and ﬁ—vu scattering. Neither process has been observed
experimentally (but'e-\)e scattering is believed important in astrophys-
ical processes). Before examining the hadronic diagonal térms in L,
we must discuss the properties of the hadronic current Jﬁ. The currenf
Ju is an operator on hadronic states. Those states are usually consi-

dered to be representations of the SU(3) group, so Ju will be defined
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by its SU(3) properties. The favored SU(3) stfucture of Ju is that
suggested by Cabbibo (C63), Ju= cose(vﬁ+Aﬁj.+_sin6(Vﬁ+Aﬁ); The périty
non-invariance of L is shown by the simultaneous appearance in Jﬂ of
vector (Vﬁ) and axial-vector (Ah) parts. The Cébbibo angle, 6, deter-
mines the relative rates of AStrangeness=0, CV3+A&); and'I_ASt'ra.ngenes's!'=
1, (Vﬁ+Aﬁ), semi-leptonic decays of hadrons. It is assumed that the
Vﬁ and A.u each transform as anvSU(3) octet. In accord with the con-
served vector current hypothesis of Feyhman and Gell-Mann, Vﬁ is assumed‘
to be the same octet as that responsible for the electromagnetic inter-
actions of hadrons.

| The SU(3) tensor form of the weak Lagrangian is fqund by substi-
tuting the Cabbibo form of the hadronic current into the above

equation for L. The non-leptonic part of L is then

o | % e [\
L = (6/2/2) { coss [(—6)%: ng;)o - ?1_01_);_1,623)0 - (%) Ttgf,;%,o * (%) Ttglgo]

i 2 27 2 27 2 27
sinbcos6 [(3‘) T:g’s}z’_l/z + (?) TE]_,%/Z ,1/2 * <I§> T](-,:l}z 1'1/2

2Y2 (27 6\% .(8) 6\% .(9) | ]
(1‘5’) ,T-(l,i/z,l_/z+ (3‘) Tf,%/z,—'.l/Z*-(ﬁ) Ta,u2, 12 |

3 1 AR o
20 | (22D (3) .8 3Ve 27y .1 .(8)
sino [ <%> Tt - (ﬁ) 53,0 * (TU) T0,0,0 ¥ 5% 10,0,0

+

+

+




where the superscript on T is the dimensionality of the SU(3) represen-
tation and the subscripts are Y, I, and Iz' The sinfcos® term in L is
responsible for the non-leptonic weak decays of hadrons (AY=¢1), The
cosze and sinze terms are reponsible for parity—violafion in nuclear
forces (AY= 0). The above form for L is not yet completely acceptable
because the |AY|= 1 terms include comparable amounts of [AI|= 1/2 and
|AI|= 3/2. Experimentally the selection rule [AT]|= 1/2 is‘observéd.
There are two distinct ways to correct this fault in L. The |AI|= 3/2
terms in L appears only in T(27). It has been suggested that the T(g)
terms in L are dynamically enhanced relative to T(27), so that the
|AI|= 1/2 rule is produced (DFS64). The other suggestion is that L
includes other current-current terms which cancel the |AI|= 3/2 parts
found above (DE63). Is has been proposed that the parity-violating
nuclear force provides a test which can distinguish these. two suggeétions
(DFG64,T68,FT68) . The basic argument is that octet enhancement will

2g term, leave the amount of

increase the amount of |AI|l= 0 in the cos
|AI|= 2 unchanged, and leave the cos?6 term without any |AT]=1
contribution. However the suggested forms for the extra current-
current terms in L would add a IAI|= 1 contribution to the cosZQ term
without greatly changing the |AI|= 0 contribution. Thus a determina-
tion of the isotopic spih properties Pf the parity-violating nuclear
force might distinguish between these suggestions.,

We now derive a non-relativistic parity-violating internucleon
potential from the weak Lagrangian presented above., We fbllow the

procedure. of Michél M64). The sinze term from the |AS|= 1 current

will be ignored for the moment. Since the weak Lagrangian used here
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contains only charged currents, there will be a non-zero interaction
only between a neutron and a proton. Two related questions arise in
the calculation of a neutron-proton écattering amplitnde from the
weak Lagrangian. What is the monentum transfer dependence of the
matrix elements of Vﬁ and Au? What are the wave functions for a
neutron and proton in close prokimity?

The simplest way to deal with these two questions is to assume
that the matrix elements are independent of momentum transfer, q,
and equal the g= 0 values observed in beta:decay; and use.plane waves
for the neutron and proton wave functions. With these assumptions
the weak'interaction matrix element for scattering of a neutron and
proton of momenta 5 and -5 to final momenta —3' and E'.‘

-iM = ) (3D, (L+ys)wy ()L (6/V2)T, ('), (T+vs)u, (-D)
where u and U are the usual Dirac plene wave spinors. By replacing
the Dirac spinors with their non-relativistic_approximations we obtain
M= /8 GOEM75, -3, + M(B,-5))* B+D") |
» MBpE) GH)
Now we calculate the non-relativistic potential V(;) which, in a
first Born approximation, produces the scatteringvnatrix element found
above. The result is, neglecting the parity-conserving terms,
VE = /B Ggy(5, 01+ @60}, - VB G- [d,8(D1.

where { , }, is the anti-commutator and [ , ]_ ie the commutator,
This potential has zero range, which results from the assumpfion that
the current matrix elements are independent of q. However the Strong'

interactions between nucleons have a short range repulsive component
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which prevents nucleons from approaching closer than about one fefmi.

Thus the zero-range potential found above would have no effect and we

must include the momentum transfer dependence of the matrix elements.
The most general forms for fhe vector and axial-vector current

matrix elements between plane wave states are

29 ur 2y 2,
'V |p> = £, (q AMEPICRELI N ICELN

<p'|A p> [gl(qz)vﬁ+g2(q%)cuqu*gg(qz)qﬁ]iY5

The assumption of conserved vector current requires fs(q;)= 0 and
equates fl and f2 with the nucleon electric and magnetic form factors
(T63). Invariance under G-Parity requires g,= 0 and with the consgrved
vector current form of the vector matrix element, the gz term has no
effect, It seems reasonable to assume that g1 has the same q2
dependence as f1 and fz; a range equal to the reciprocal of the rho-
meson mass. With these assumptions the changes in V(?) are that the
delta functions of T are replaced with distributions of range l/mp, and
the second term is multiplied by one plus the difference in proton and
neutron magnetic moments,

We must now combine the finite range potential with nucleon wave
functions which include the effect of the repulsive core. Michel did
this by retaining plane wave states for the nucleons and modifying the
potential to make it zero for distances less than the hard core distance.’
This reduced the effect of the pdtential by about 20%. McKellar |
instead kept the potential in the form found above and replaced the
plane waves for ﬁhe nucleons with the approximate wave functions

used in nuclear physics to estimate the effect of two-particle
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correlations (MK68), McKellar found the effect of the potential
was reduced by about 60%. The difference between these two results
is unimportant in comparison with uncertainties in the nuclear
structure part of these calculations,.

The sin’0 tem in the weak Lagrangian includes a [AI]=1
part. This induces a weak pion-nucléon coupling. Thus;‘in addition
to the rho-meson exchange term.considered‘above; there is a weak
potential due to n exchange. The contribution from n° vanishes
(B61) so again the potential only acts between a neutron and a proton,

This potential has been calculated by McKellar (MK67) to be

-> of 5> > &>  -Mm.T
V(1) = —5— (5,+3,)[q,e " /]
T 4nvZ M 172 -

where g is the pseudo-scalar pion nucleon coupling constant‘(g2/4n=

8

14,4) and f= 5.2x10 " .is the weak pion-nucleon coupling constant.

This term is decreased relative to the rho-exchange term by

tanze =~ (0,073, but is enhanced by the longef range of the pion.

McKellar finds the effect of this term to be about 25% of the rho-meéon

term in his calculations using correlated wave functions* (MK68).
The relative sign of the two potentials is unknown, but would be

positive in a weak interaction theory based on an intermediate boson.

*This conclusion is not universal, Olesen and Rao, using a field-current

identity, conclude that the rho—éxchange term vanishes so the only

contribution is from w ekchange (OR69) .
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2. Calculations in Nuclei

The two-particle potentials written above are not yet in useful
form. We do not possess the many-particle wave functions for the
nucleus which would be required for the calculation of the effect
of the weak potential acting between each neutron and each proton.
Instead, our description of the nucleus is that of a single particle
moving in the potential field of a nucleus core composed of the other
nucleons. The core may be either thé spherical core of the shell model
or the deformed core of the Nilsson model (N55). .Thus we must replace
the two-particle potential by a single-particle potential which repre-
sents the effect of the weak interaction on the single proton (neutfon)
by the neutrons (protons) of the core. _

Michel (M64, Appendix A) finds the single-particle weak potential
by averaging one of the interacting nucleons in the above potential
over the possible states in the core. His calculation assumes that
the core is unchanged by the weak potential and that theicore has zero
total spin. He finds the single-particle potential to be

> > = it
Vép = G'c-p(1+TZ(N-Z)/A) = G'"oep

where G'= /§C(1+pp—un)po/8M, T, is +1(-1) when acting on a prqton
(neutron), and pg is the density of nuclear matter; Michel finds
G'= IXIO-8'and McKellar finds a value about half of that. Note that
the single-partiéle potential carries the factor 1+ﬁpépn$ 4,7 which
was added by the hypothesis of conserved vector current,

The effect of Vép on a nuclear state Ii of parity ™ will be

to admix small amounts of states Iu of parity ™ The new nuclear
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state of mixed parity will be

> >

| | ) <Iﬁﬂu o*p Iiﬂi> |
I.>=11.m.>+ G"), - Im>
i i 1‘ I Ei E]J _ u

If the nuclear Hamiltonian were spin-independenf,_then the matrix
element in the numerator could be replaced by -iM<Iuﬂﬁ|3-¥}Iiﬂi>(Ei;En)
énd the energy denominator would cancel. This is the approach taken
by Michel. However Wahlborn argues that the significant spin-orbit
coupling in nuclei prevents cancellation of the energy denominator
(W65). Using the assumption that the radial wave functioné for a

~ given orbital angular momentum are independent of the total angular
momentum, Wahlborn finds that

| <L 8Bl Tymy> = -AM<T m [+F| 1w, >+ (B-ED)

where Eﬁ is the energy of the state lIﬁﬂu> in the absence of spin-orbit
coupling. The difference between these two expressions is crucial

203

in the case of the 279 Kev transition of Tl where Michel's eXpression

predicts a vanishing of‘fhe.parity violation effect.

3. Parity Mixing in T1%03

‘The effect of the single-particle weak potential G"g~§ in

203

Tl has been calculated by Szymanski (S66). The single-particle

assignments for the ground state and first excited state in 11203
(figure 1) are proton hole states |3§1/2>-and |2d3/2>. The single-
particle weak potential is a pseudo-séalar so it admixes States of the
same total angular momentum and opposite parity. Thus the |351/2>
ground state will be mixed with the |2p1/2> state and the |2d3/2>
eXcited state willvbe mixed with the 12p3/2> state., The admixed states

will be

USRI SN
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. 0 _Ro
|g.5.> = |35,,>-16M<2py ,]3F]35; /> E (3s)-E (Zp) |20, >
A E(Ssl/z)-E(Zpl/z)
» 0 1o
le.s.> = |2d3/2>-iG"M<2p3/2|E§-it 25 /> E (2d)-F (2p) 2p5 /5>

where the assumption of Wahlborn about the spin-orbit coupling is used,

A model of the nuclear states mﬁst be selected for evaluation
of the matrix elements and energy differences in the above expressions.
Szymanski uses the spherical harmonic-oscillator Hamiltonian for the .
Nilsson model with zero deformation (N55),

= - (hz/ZM) V2+hu)o (r/be) Z‘Khwo (2%—5*-)\?,2)

where the parameters « and A represent the amount of spin-orbit coupling
.and are chosen to recreate the proper energy level spacings. The
parameters wo and by are chosen to make the éxtent of the harmonic
oscillator wave functions match the 6bServed nuclear radius of Ro=

-13 Al/scm. The matrix elements of T are then easily

1.2x10
evaluated (they are proportional to the parameter by). The energy
differenges for the numerator and denominator are found from the
eigenvélues of H with A= 0:45 and with «= 0 and «= 0,06 respectively.
The resulting amplitudes of the parity-admixed states are F= 4X10_7.
The validity of the.above calculations is hard to estimate. The
single-particle model does not even completely describe the electro-

1203. There can be no allowed

magnetic properties of the levels of T
magnetic dipole transition from a d-state to an s-state, so the 279
Kev transition should be electric quadrupole ( and higher multipoles).
However this transition goes with about equal amounts of magnetic

dipole and electric quadrupole. The reason for this discrepancy is .
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that the single-particle model fails to include the correlations of
the motion of the outside nucleon and thé core nucleons (B67). The
role of these correlations is crucial in calculating the effect of a
short-range force such as the weak interaction between nucleons.

The calculated parity admixtures in heavy nuclei could easily be

incorrect by factors of two or more.

o e
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B. Observation of Parity Violation

1. Forbidden Transitions

The addition of the weak interaction to the nuclear Hamiltonian
can be seen in two kinds of effects. First, transitions-Between
states which were forbidden by parity invariance will now proceed
with rates which are second order in the weak interaction coupling
~constant. Second, transitions which occured with emission of radiation
- (alpha, beta, or gamma) in a certain parity eigenstate will now also V
occur with the radiation in a state of bpposite parity. Since the
emitted radiation is no longer in an eigenstate of parity, pseudoscalar
quantities (such as the helicity, 3-5} can have non-zero average
values. These'pseudoscalar quantities, arising from interference
Between the two parity states of'the radiation, will have values
which are first order in the weak iﬁteraction coupling constant,

In beta—decéy, we already have parity violation in the normal
nuclear transitions. Beta decays between states of opposite parity
are called forbidden, but still proceed with rates much larger than’
could be generated by the huclear parity-violating force. In gamma-ray
trénsitions between two nuclear levels, either EL or ML radiation is
allowed, so there are no parity forbidden gamma transitions. In

alpha-decay the emitted alpha particle can have high orbital angular

momentum and trénsitions with either even or odd values of L will
be allowed. However if either the initial or final states of the
alpha-decay have zero angular momentum, then the value of L is already
determined by conservation of angular momentum. If the value of L

s required to be even (odd) and the initial and final states have
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the opposite (same) parity, then the alpha-decay is forbidden.

One example of a parity-forbidden alpha-decay is the transition

16 12

from the 27 (8.88 Mev) level of 0" to the 0" ground state of C™“,

This transition is especially interesting because both the initial

and final states have isospin of zero. Thus only the |AI|=.0 part

of the weak potential can contiibute and the rate of the transition
provides information on the isospin properties of the weak inter-
action. The transition rate has been'calculated‘using the G”;-ﬁ
interaction and various nuclear models (HKY69,GK69). The result

is expressed as an alpha-decay width of the 2° level, szl.leo'loev.
As usual, the calculations may be incorrect by a factor of two or more.

In the eXperimental search for this transition, a le gas target

is bombarded by a deuteron beam, N16

16

is formed, which beta-decays
to 07" with a branching fraction of 1% for the 2~ level, The

energy spectrum of the alpha-particles from the target is observed
‘with éolid4state detectors. A large peak in the energy spectrum is
seen from the parity¥a110wed decay of the 2" level at 9.84 Mev. |

The region at the side of this peak is examined for alpha-particles
of energy corresponding to decay from the 2~ level. Early.ekperimehts
could only set an upper limit to the alpha-decay width (S0S61), but

a non-zero value of T = 1.810.SX10_10

This decay width corresponding to an amplitude for the parity-admixed'
states of F= SXIO'7, in accord with Michel's estimate of the [AI|= 0

parity-violating potential.

ev has now been reported (HHW70).
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2. Circular Polarization

_Where a nuclear gamma-ray transition normally proceeds by the
multipoles EL,ML+1,EL+2,'rj(or ML,EL+1,ML+2,---), the parity-admixed
states will contribute a component of ML (EL).V The interference of the
EL and ML components will be seen in two ways, the average helicity of
the gamma-rays emitted by unpolérized nuclei will be non-zero, and the
angular distfibution of gamma-rays from polarized'nucléi will be
asymmetric with respect to the drection of nuclear spin (BSﬁOb,C67);

Only electric and magnet and magnetic multipoles of the same

L can interfere, so the rates of the higher allowed multipole decrease

‘the amount of circular polarization. In general the circular polari-

zation is IM(L)*E (L)
Y Al ay

P, =2
Y E(IM(L)IZ4IE(L)IZ)

In the case most often studied, the allowed transitions occur by MI+E2
and the parity-admixed transition is El. The, if the ratios of:
amplitudes are 6= E(2)/M(1) and ¢= E(1)/M(1), we have

p = 2%

Y. , 1"7(52

The polarization is enhanced if the magnetic dipole rate is retarded,
but in those cases the electric quadrupole is usually allowed and the
maximum polarization occurs when 6=ﬂﬁ(2)/M(1)= 1. The ratio L= E(l)/M(l)
is often written as the product of two factors; = RF, where F is the
amplitude of the parity admixed state and R is the ratio of the electric
dipole amplitude (between that parity-admixed state and the ground sfate) :

to the allowed magnetic dipole decay amplitude. We usually have
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7 5

F= 3x10°° and in advanﬁagous'cases'RzIOO,vso PY26X10- . Where more than

one state is admixed to the excited state or where the ground state is

also parity admixed, this separation of factors is not meaningful.
Unfortunately, there is no available technique for measuring

~gamma-ray circular polarization with high efficiency. The best that

can be done with Compton polariméters,'which use the polarization-

dependent scattering of gamma-rays by the polarized electrons in magne-

tized iron, is e= 1072,

5

With a circular polarization of a few parts'in

107, this means that a change in gamma counting rate of about one part

in 107 must be observable. For the statistical error to be this small,

one must accumulate about 1014

counts. With the fastest counting tech-
niques now available, it is just possible to accumulate that many counts
within a year of counting time. However at such‘high'counting rates,
the electronics are susceptible to systematic errors (pile-up). No
experiment using discrete counting of gamma-rays has yet been able to
observe a non-zero circular polarization.

Lobashov and his comrades have devised a system which avoids
the problems of discrete counting (L66a). They employ a Compton polar-
imeter and scintillation crystal, but instead of trying to observe
individual pulses from the photodiode viewing the scintillator, they
treat this output as an analog signal. The photodiode current is
amplified and used to drive a pendulum with a very high Q.. The_direc-.
tion of magnetization of the Compton polarimeter is reversed at the
resonant frequency of the pendulum. Thus the amplitude and phase of

any oscillation produced in the pendulum measures the magnitude and

sign of the gamma-ray circular polarization. EXtremely high intensity

¢
*

2 e s e
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181

~ gamma-ray sources are used. Their Ta source had an .activity of 500

curies! They have observed a circular polarization of the 482 Kev

181

. gamma-ray of Ta of Py= -0.6i0:1*10—5(167). This is an M1+E2

transition with admixed El with R estimated to be about 50, so that

7

F is about 1x107’, They also find a non-zero circular polarization

175 of P - 4+1x10 " (L66b). The

estimated R is 100 so F is about 4X10-7.

- of the 396 Kev gamma-ray of Lu
Both of these observations
are consistant with Michel's calculations.

3. Gamma-ray Asymmetry

If by some techique the initial nuclear state of a gamma-ray
transition has been polarized, and if the nuclear states are of mixed
parity, then a forward-backward gamma-ray asymmetry'can_eXist. The
parity-admixed multipole amplitudes will add a small amount of Pz(cose)
with £ odd to those Pz(cose) with £ even which exist in the absence of
parity violation. If Wb(e) is the sum of the terms with % even, then
the angular distribution is W(8)= Wb(e)+dAlPl(cose), where A= Zmbm/I
is the initial state nuclear polarization and o is the asymmetry param -
eter, a= (W(0)-W(m))/(W(0)+W(m)) when A= 1.

In an M1+E2 transition with parity—admiked El, ‘and with
§= E(2)/M(1) and z= E(1)/M(1), we have o= 2Kz/(1+§2), where K is a factor
of order unity which depends only upon the initial and final values of:
the nuclear spin‘(BS60b,C67). The asymmetry from a nucleus 100% polar-
ized is the same order of magnitude as the circular polarization of the
gamma-rays from the unpolarized nucleus. In searching for the circﬁlar
polarization, the observable effect is reduced by the low efficiency of

the Compton polarimeters. In searching for the asymmetry, the
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observable effect is reduced by the amount of nuclear polarization
achievable. If cases can be found where polarizations higher than
a few percent are possible; then the asymmetry is the easier effect
to observe.

Rose has tabulated 14 different methods of orienting nuclei (R63) "
and the list continues to grow; However only those methods which
produce nuclear polarization (in contrast to alignment) greater than
a few percent are useful for observation of a gamma-ray asymmetry. A
large subset of these methods involves the coincident observation of a
preceding transition which defines an axis along which the nucleus is
oriented. If the nuclear stéte is to be polarized, rather than aligned,
then that transition must have violated parity. Thus only beta-decays
are useful for the preparation of polarized nuclei by the coincidence
technique.

In the brute force technique of nuclear polarization, an intense
éxternal magnetic field is combined with eXtremely low éimple temperatures
so that the .+B interaction brings about a Boltzmén distribution of
nuclear polarization of a few percent. The interaction required is about
107 gauss/°K, so temperatures of about one millidegree are needed. How- -
ever the intense radioactive sources required for the large number of
" counts collected in looking for an asymmetry of one part in 105 produce
a significant amount of heat. Thus ;hese sources canmnot be cooled to
sufficiently low temperatures for brute force polarization.

A variation of the brute force technique is to use the coupling
to the nuclear spin of the intense hyperfine fields present in

some materials. These fields are of the order of magnitude of 500 kG,
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so even at temperatures of about 50 millidegrees the nuclear spin is
strongly coupled to the electronic mbments. The electronic moments can
easily be polarized by an external field of a few kiiogauss. This
techniQue is also limited by the self-heafing of the'source, but it has
been successfully applied to a case Where the asymmetry is anomolously
large.

Krane et; al; have observed an asymmetry in fhe 501 Kev gamma-ray
to HELEOM (K7lj. Natural hafnium was alloyed with zirconium and iron
S0 that‘the hafnium nuclei were located in an intense hyperfine field.
Neutron irradiation produced the 5.5 hour metastable state of Hflgo.

The sample was cooled to approximately 20 millidegrees and located in an
external ZSOO.G field which aligned the electronic moments. A nuclear
polarization of 71% was achieved. The value of the astmetry parameter
observed was -1.49x107%, This is an extremely large valué, The 501
Kev ganma transition is highly retarded (thus the 5.5 hour lifetime)
because the transitidn to the ground state requires a reorientatidn

of the non-spherical nuclear core (K forbiddennesé). However it is
unclear why the parity-violating amplitude is not similarly retarded.
There is no way to relate this experimental result to the strength

of the weak potential,

Instead of producing and polarizing the radioactive nuclei as
separate processes, it is possible to do both at once if a polarized
particle beam is used to irradiate the sample. Polarized beams of
neutrons, protons, and deuterons are commonly available, The lifetime

of the state produced must be short enough that electronic interactions
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or external fields do not depolarize the nuclei before the gamma transi-
tion occurs.’

The first successful search for a gamma-ray asymmetry was performed
113 114 | 4113

with the reaction Cd " (n,y)Cd (A68); ‘A sample of C was placed
in a beam of thermal neutrons whiéh had been polarized by critical-
angle reflection from a magnetized cobalt mirror. The thermal neutron
capture cross section of Cd113 is dominated by a 1" resonance. The
decay to the 0" ground state occurs by an M1 transition with a parity
admixture of E1, A large (=50%) polarization of the 1" state was
adhieved; The value of the asymmetry ﬁarameter'fbund was o= 73.Sti.ZX1O’
The parity violation effect is greatly enhancediin this case by the
existence of manyll- states close in energy to the 1" state (BS60a). The
experimental result is at least roughly consistant with.Michel's
calculations. |

There do not seem to have been any attempts to use polafized
proton or deuteron beams to produce polarized nuclei. These beams have
~ good polarization, usually 75% or better. However it is not known
how well this ‘polarization can be transferred to the target nucleus.
Experiments which produce beta-radioactive nuclei where a beta asymmetry
displays the nuclear polarization should establish the practicality
of this technique. -

The'daughter.nucleus of a beta decay can be highly polarized |
(=25%) along the direction of.motion of the emitted electron or
positron. However to take advantage of this polafization, the beta and

the subsequent gamma-ray must be observed in coincidence. To collect

the large number of counts required to observe the gamma asymmetry,

4
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fast coincidence techniques must be pushed to their maximum possible

rates. Systematic effects can be ekpected'to appear, Attempts have

been made to observe the asymmetry of the 279 Kev gamma-ray of T1203

203. The

4

with respect to the direction of the preceeding beta from Hg
reported results are o= (+1.9:0.2)x10™% (LB69), = (-0.6:0.8)x10"
(BH70), and a=(-2.7i0.8)X10—4 (D71).v‘At least two of these results are
incorrect, possibly all‘three.' It is possible these eXperiments are
being influenced by imner bremstrahlung (see section II.C;4).

It is unnecessary to prepare a system of polarized nuclear spins
if the detection system can somehow select gamma-ray transitions from
a particular Zeeman level. This is possible with the MOssbauer effect
(F62). In transitions with sufficiently long lifetimes (narrow line
widths) an externally applied magnetic field can split the Zeeman
levels sufficiently for their selection by a conStant velocity filter,
A search has been made for a gamma asymmetry in the 14.4 Kev transition
of Fe57 using this technique (GG61). That work was only able to
place an upper limit of 10-5 on the amplitude of the parity-admixed
nuclear states, but improvements should be possible. The difficulty

in this technique is finding cases where both the parity Violation

is enhanced and the conditions for the Missbauer effect are satisfied,
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C. Choice of Nuclear Transition

1. Size of Effect

In choosing which nuclear transition to test for a gamma

asymmetry, the first consideration is the size of the effect ekpected,

Thus we look for those cases where special features of the nuclear
- structure predict significant enﬁancement of the parity-admiked multipole
transition. However this consideration must always be balanced against

the practical questions of eXperimental method. It is also ‘important ?
that the enhancement be calculable with soﬁe well-established model of

the nucleus in question.' The parity-admixed amplitude in the 501 Kev

~ganma transition of net 80

is experimentally seen to be greatly enhanced,
but the usual nuclear.models of Hf180 do not predict any enhancement—
they predict retardation of both the normal and the parity-admixed
multipoles. Thus observation of the asymmetry in Hflgo‘does show that
a parity violation is occuring, but does not allow comparison of the
effect seen with the predictions of the weak nucleon-nucleon poténtialj

A nuclear multipole transition is retarded when its rate is much

less than the Weisskopf value for a fully-allowed single-particle

transition of that energy (P62). Usually the single-particle model
for that nucleus (shell model or Nilsson model) predicts zero for the

transition amplitude of a retarded transitioh. An example is the 279

203

Kev transition of T1""~, where the Ml transition amplitude between

the single-particle levels |2d3/2> and |351/2> vanished identically.
The fact that the M1 transition does occur (though with a retarded rate)
represents the failure of the single-particle model to exactly describe

the nuclear levels in question. However the fact that the Ml transition



Neaiet

o
et

g

_27_

is retarded, and other properties of the’TlZOs‘nucleus {S66) shows

that the single—particle assignments do correctly describe the gross
features of the low-lying states of this nucleus.
The states which are parity-admixed to the l2d3/2> and

203

|35, ,,> states T1“"” are |2p3/2> and |2pl/2>. Now the transitions

1/2
|2p3/2> - ]351/2> and |2d3/2> > ]2p1/2> are fully-allowed E1 transitions
so we can make reasonable reliable estimates of their amplitudes. The
enhancement factor is the ratio of these El emplitudes to the normal-
ML amplitude for the lZd3/2>.% |351/2> traﬁsition. That we cannot
calculate the amplitude of the M1 transition in the single-particle
model is no problem, because we can measure it. The ML-E2 mixing
ratio . in this transition has been measured by Coulomb excitation (MS58)
and by centrifuge resonance flouresence (DM61)., The weighted average
of these measurements is 6= +1,43+0.07. Note that the sign of the
retarded M1 transition ié known relative to the allowed E2 transition
amplitude. The fully-allowed E2 amplitude for the [2d3/2> > ]351/2>
transition can be calculated in the same single-particle model used
to calculate the El amplitude, and thus the relative sign of the El
and Ml amplitudes can be found. This allows a determination of the
sign of the weak potential from the sign of an observed asymmetry,

For the specific model used by Szymanski, we have for the
ratio of the amplitudes, with F= MRG'", |

MED _ &1 1
MO = 5 2Ry

<e.s.|g,d+g 5lg.s.>

- §<2d3/z|."1%‘:0‘l 2p1/2><2p1/.2l%%‘J 351>

0 =00 > Lo L0 0 |
. E'(3s)-E (2p) _ ger T E(2d)-E 522) ;
ET?EI;ETTET?5§7E] <2d3/2!i§542P3/2><2p3/2|;§a43sl/z> 2 L ps[z N
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where e, is the effective charge for the El transition (P62). If the
effect of the spin-orbit coupling had not been inclUded; the two terms
in the brackets would cancel. Szymanski finds M(EL)/M(ML)= +279Fe, /e
and the predicted value of the asymmetry coefficient is a= (1.00.3)x10°
with Szymanski's estimate of theFUncertainty. Errors as large as
factors of two may have occured at several stages'of the calculations.
In summary, a favorable case of enhancement is one where the
normal transition is retarded and the single-particle model predictsli
that retardation, but also predicts that tﬁe parity-admiked transition
should be fully allowed (and thus calculable). The retarded amplitude,
which cannot be calculated in the single—particle model, should have
been measured, including its sign relative to the allowed higher
multipole (E2 in this case). These are the conditions for a large and

calculable enhancement. Tl203

satisfies these as well as any case we
know of.

2. Activation and Lifetime

Because the expected asymmetry is small, a large number of counts

must be accumulated during the experiment. With an asymmetry coefficent

4

of 10, and a nuclear polarization of 30% (which we considered a

pessimistic estimate when.béginning this work), the expected fractional

change in the count rate is 3x107°,

5

We would like the statistical error

10

to be one part in 10”7 or smaller, so we must accumulate at least 10

counts. With the solid anglés and efficiencies of the gamma-ray

12 decays to occur in the cell for a

detectors, we require about 10
measurement of the asymmetry. This is an amount of activity not

attainable with all isotopes, We require first, a production technique

4

i i
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by irradiation with neutrons, proton or deuterons with a large cross
éection, and second, a lifetime which is neither too short (so the sample
can be brought to the apparatus and polarized before the'activity is
lost) nor too long (so that most of the radioactive isotope produced
will decay in a reasonable amount of counting time). These dual
reQuirements eliminate from consideration many isotopes which would
otherwise be favorable cases for investigation. |

The requirement of a large production cross section makes the
use of charged particlecbeams for productidn unlikely., A high incident
energy is required to overcome ﬁhe Coulomb barrier and the production
cross sections are usually less than a millibarn, though the elastic
scattering cross sections are lafge.' In contrast, the large capture
crbss_sections for thermal neutrons are very attractive. Here the cross
sections are on the order of barns and the available flux.is high (up to

1014 neutrons/cm2

-sec).

There is one potentially important disadvantage to thermal néutron
activation of the sample. It may be that the polarization technique |
employed limits the total amount of all isdtopes of the element being‘
studied which can be present in the sample (as is the case in optical
pumping). Then the maximum activity attainable (without isotopic
separation) is that maximum amount of the chemical element multipiied
by the fraction of the sample which can be converted to the_radioactive‘
isotope. Even with large capture cross sections and high neutron

3 If, on the other

fluxes, this fgﬁction will not usually exceed 10
hand, the produétion technique had employed charged particles, then
chemical separation would be sufficient to prepare a sample of high

specific activity, We consider using proton irradiation of natural
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20 20

thallium (30% T1 3 and 708 leos) to produce Hg 3 by a (p,n)

reaction. However, the small size of the (p,n) cress section
and the difficulty of separating a very small amount of Hg203 from
a massive thallium target made this technique impractical.

202 203when the

203

The fraction of Hg which can be converted to Hg

irradiation time is short compared to the half-life of Hg
(47 days) is (neutron flux)x(capture cross section)x(duration of exposure).

With eXposure for one operating cycle (three weeks) of the Idaho MIR

(thermal neutron flux of 3><1013 n/cmz-sec) and the ngoz capture cross

203

section of 3.8 barns, a Hg fraction of f203=2><_10-4 is produced. This

sample, placed in an optical pumping cell with a volume of 50 cc and

a mercury vapor pressure of 25 microns (corresponding to a temperature

of 60°C), would have 6x102 Hg?03

atoms, which is a sufficient number

for measuring an asymmetry of about 1074,

3. Polarization

The literature on optical pumping does not usually report values
of the polarizations achieved. However pumping and relaxation times
are given, and from these an estimate can be made of the achievable
polarization. With a pumping time of 1 second and a relaxation time

of 4 seconds (C61), a Hg203

nuclear polarization of 50% or better
should be possible. It was unclear in the literature on the pumping
of mercury vapbr_Which factor limited the maximum density of vapor
which could be pumped. Our estimate was that collisions of the excited
state mercury atom (lifetime 10-7sec) with other mercury atoms would

be the limiting factor. This gave a maximum mercury vapor pressure

of 25 microns, the value used in the previous section.

e g e e o
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The asymmetry of the gamma-rays depends upon the polarization

203

of the eXCited’state of the T1""" nucleus. This ‘polarization equals

the polarization of the Hg203

nucleus (T56) if there are no depolarizing
effects from the beta-decay process. The electronic rearrangement
following beta-decay produces vefy strong transient hyperfine inter-
actions with the nucleus. In some cases the depolarization of the
nucleus during the electronic rearrangement is essentially complete,
This depolarization process is quite Complex; so we do not try to cal-
culate its effect in the case of Hg203+ T1203. Rather we refer to the |
measurement of the 279 Kév gamma-ray circular polarization along the
direction of motion of the emitted beta. Foldum has measured the
circular polarization coefficient to be A= -0,37+0,19, consistent with
the predicted value (neglecting depolarizatibn effects) of -.028 (F63).
Thus we conclude that transient hyperfine depoiarization does not occur
in 11293,

4, ‘Systematic Effects

In the measurement of a small asymmetry, a multitude of systematic
effects can produce spurious results. This has occured repeatedly in

the search for parity violations in nuclei. With the proper pattern

- of data collection and analysis, these systematic effects can be

minimized. Two symmetrically-placed gamma detectors are used (figure 2).
The sensitivities‘of these counters should be adjusted so that their

_ gamma counting rates from an unpolarized sample are equal. The count
rates are then measured in counters 1 and 2 with the nuclear spins
polarized along the +z axis (giving NI and NE) and along the -z axis

(giving Ni and N,

2). Note that the change in spin direction is made by
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rqtating a linear polarizer‘in the optical pumping beam, and not by
changing a magnetic field or anything else which might be expected to
affect the gamma detectors. The value of the asymmetry effect observed
is then

A= (1/2) [(N]-N5)/ (NJ#N5) - (N -N3) /(N +D) ]
This method of analyzing the data causes cancellation of spurious changes
in count rates.

We now ask if there is any systematic effect causing changes in -
the ganma rates of the two counters which would reverse direction with
the change in nulear spih direction. Such an effect would not cancel
out in the calculation of A. Since this effect is an asymmetric angular
distribution which is correlated with a pseudo-vector (the nuclear spin),
it violates parity. Such a parity-violating effect can only be produced

by the beta-decay of the ngos.

"And indeed the asymmetrically emitted
electrons can cause both internal and external bremstrahlung which is
correlated with the nuclear spin direction. If the electrons from the
beta-decay are stopped in a low Z material, then the inner bremstrahlung
dominates over the external bremstrahlung (SG58). This is the case in
optical pumping where the electrons stop in the cell walls; so we confine
our attention to immer bremstrahlung.

Inner bremstrahlung is a radiative correction to the beta-decay

process. The amplitude for the inmer bremstrahlung process can be

written as the product of two partsf The first is the amplitude for

*This treatment of the inmer bremstrahlung process ignores some

higher order effects which are important in high Z materials
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beta-decay to occur with the emission of an electron of energy W,

and momentum Pg- This amplitude must includg the effect of the nuclear
Coulomb field on the wave function of the emitted electron. The second
term.is the amplitude for the'eléctron of energy W, to give off a
photon of energy EY and thus have a final energy W= W'e—E_Y and a final
momentum p. This amplitude can be calculated by a standard application
of quantum electrodynamics. The'calculation was first performed by
Knipp and Uhlenbeck(KU36). The angular distribution is; with 6 the

angle between the photon and the final direction of the electron,

. 2 2
'do _'op singds .,..WéA+nW. R -1
do ZﬂpeEY | W, (W-p cosb) (W-p cose)z

where all energies are in units of mc?, Upon integration over 6 we

obtain the gamma-ray energy spectrum,

|Vt
*erwE | Twp o loste)-2
ey e

From the expression for the angular distribution we find that the
asymmetry of the gamma-ray with respect to the final direction of
the electron is equal to v/c of the electron,

The above expressions must be summed over the beta .energy spectrum
and angular distribution to obtain the total inner bremstrahlung spectrum
and asymmetry. The beta spectrum is taken from standard tables (NBS52).
The resulting energy spectrum of the imner bremstrahlung from the

beta-decay of ngo3

was calculated by numerical integration and the
results are shown in figureIS. The asymmetry of the inner bremstrahlung

in this case is 0.41, but this figure is dominated by the low energy
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Figure 3. Calculated inner bremsstrahlung energy spectrum

(broken line) a 1 mm lead filter.
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.gammas; The infrequent but experimentally important high energy gammas
have a slightly lower asymmetry of about 0f38.
The upper energy limit of the inner bremstrahlung spectrum in

the case of'Hg203

is 212 Kev, which is less than the energy of the

~ gamma transition being observed. One would certainly set the gamma -
counters to accept only gamma-rays of energy close to 279 Kev, so the
inner bremstrahlung would not be seen directly. However the copious
low energy inner Bremstrahlung photons provide a low level background:
in the counters which will change the number of 279 Kev gamma-ray
counted. This sort of sYstematic effect is véry difficﬁlt to avoid or
correct for,

If an asymmetry is observed, then repeating the experiment with
thinalead plates over the gamma-ray detectors will show if the asymmetry
is due to bremstrahlung or is genuiné. A filter which stops half of
the 279 Kev gammé—rays highly attenuates the bremstrahlung (see figure
3). If the asymmetry is due to the 279 Kev gamma-rays, then the
value of the asymmetry observed will be unchanged by the filter
because both the numerators and denominators in the eXpression for
A will be reduced by a factor of two. However if the asymmetry is due
to bremstrahlung, then the numerators will be highly attenuated
(because the differences in count ratgs are due to the low energy

gamma-rays) while the denominators will only be reduced by a factor

of two.
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ITI. OPTICAL PUMPING OF Hg’®

A. Theory

1. Introduction

When the angular momenta of a sample located in a magnetic field
are in thermal equilibrium with their environment; the Zeeman level
populations follow the Boltzman distribution. Because of the smallness
of the nuclear magnetic moment; significant equilibrium nuclear
orientations can be achieved only at very high magnetic field intensities
and very low temperatures. Kastler proposed the technique of optical
pumping to achieve a non-equilibrium steady state of angular momentum
oiientation (K50,H72). In Kastler's scheme an atom is excited from its
_ground state to a higher energy state by absorption of an optical photon.
In returning to the ground state, the atom will not necessarily return
to the Zeeman level previously occupied, but will occupy fhe various
Zeeman levels with probabilities determined by the matrix elements of
the eXcitation and decay processes. In this way the ground state |
populations may be changed from their initial values. Interactions with
the environmeﬁt of the atom will tend to_réturn these populations to
thermal equilibrium, but with continuous illumination by optical resonance
radiation, a non-equilibrium steady state will be achieved with the
Zeeman populations significantly different than their equilibrium values.

When a sufficient hyper-finé interaction couples the eiectronic
and nuclear moments of an atom it becomes possible to achieve nuclear
spin orientation by optical pumping. The condition required is that the

splitting between hyper-fine levels of the excited state be greater than
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the natural line width of that state. Then the excited state is
properly described by the total angular momentum of electrons plus
nucleus, and the coupling is essentially complete.

Opticél pumping was first observed by Brossel; Kastler, and
Winter who used the sodium D resonance lines to optically pump an
atomic beam of sodium (BKW52). Optical pumping of a diamagnetic
atom was first observed by Cagnac.who used the 3P1+1S0 resonance line
of mercury to optically pump the nuclear spins of mercury vapor in a
cell (C58,C61). The history and present status of opticél pumping has
recently been reviewed by Happer (H72).

2. Pumping

Optical pumping of mercury has been achieved using the 185 nm
transition 'P>'S, (PN64) and using the 254 nm transition P 1S,
(C58,C61). Because 185 nm radiation is absorbed by atmospheric oxygen
- and is diffiéult to polarize, the 254 nm transition is more convenient
and was chosen for this work. The lifetime of the 3P1 state is
1.18+0.02x10"/ sec (B59) so the natural linewidth is 0.85 MHz. The
hyper-fine structure of the 3P1 states of some mercury isotopes is
- shown is figure 4. The hyper-fine splittings are all greater than
5 GHz so the condition for optical pumping of the nuclear spins is well
satisfied. ' -

The doppler width of the 254 nm emission life from a mercury dis-
charge lamp is about 1.7 GHz (MZ34). The doppler width of the 254 nm
absorption life of ﬁercury vapor at 400°C is 1.54 GHz. Both of these

values are much greater than the natural linewidth so the emission and
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absorption lineshapes are well approkimated'by.gaussian distributiqns.
A practical requirement for the 0ptica1 pumping of a radioactive
isotope 1is that some Otherl(stablé)'isotope-have an emiSSion line which
overlaps an absorption line of the radioactive isotope. Then one can
avoid using large quantities of radioactive material in the optical

pumping lamp. There are two stable mercury isOtopes’whicﬁ are
203

convenient for optical pumping of Hg 198
03

The emission line of Hg

overlaps the F=7/2 state of ng and the emission line of Hg204_

overlaps the F=5/2 state (TS64,R64). We have also optically pumped

201 using the overlap of Hg198

Hg with the F=3/2 state and the overlap
of.Hg204 with the F=5/2 state. |

The excitation rate of an atom exposed to isotropic radiation
with a flat spectral distribution is just the Einstein B coefficient
of the transition multiplied by the ihtenSity of the radiation.
However, when the spectral distribution is hot flat and the absorption
line is doppler broédened, the average excitation rate of an atom is

found by integrating over the spectral distribution
2 Jin 2 A2 & .2 2
p= my V7 §ﬁ'§1‘fI(V)eXp[‘2(V"V0) 1n(2)/Avpldv

where Avy is the absorption doppler width, A, is the wavelength and

Vo the frequency of the transition, and gz/gl is the statistical weight

*When the frequency distribution of the incident light overlaps only
one of the hyper-fine levels then g; is the number of states in that
hyper -fine levei; Thus when pumping the F=3/2 level of Hg201 the

statistical weight is 4/4= 1.
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pumping rate. For the light intenSity.used in this work, the pumping

rate is of the order of magnitude of 1 sec’l,

‘When the atom occupies all Zeeman levels of the ground state with

equal probabilities, the excitation rate is independent of the
directionality or polarization of the incident light and equals the .
quantity p defined above. waevef'when'the Zeeman levels are umequally
populated the excitation rate can differ from p. If the direction of
~ the light is along the +z axis, and if thevlight is right circular
polarized (helicity equal +1), then the atdm can only make transitions
to the excited state with Am= +1, The rate of excitation from the
lFl,m} ground state to the IFZ;m+1> excited = state will be
p]C(Fl, »Fp5m, +1)|2 where C is a Clebsch-Gordan coefficient (RS57), F is
the total angular momentum of the ground state, and F, is the total
‘angular momentum of the excited state; The excited state will returh
to the various Zeeman levels of the ground étate, ]Fl,m'> with relative
rates IC(FZ,Fl,l;m+l,m')|2. If the incident light is not perfectly
polarized, but instead is én incoherent mixture of right and left
circular polarization (such as results from use of an imperfect linear
polarizer with a quarter-wave plate), we define p to be the pumping
rate due to right circular polarized light and q to be the pumping rate
due to left circular polarized light. Then the rate for ground state
']Fl,m> to go to ground state |F1,m'> is

2

+q|C(Fy,1,Ey3m, - 1)C(F2, 1,1,m 1,m)|% .

These rates, when combined with the corresponding terms for the
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relaxation processes,vwill give the rate equations for the ground
state Zeeman polulations.
3. Relaxation
The nucleus of a ground state mercury atom is well shielded

from the environment by its sphefically symmetric electron shells,
Only after many collisions with other mercury atoms or the cell
walls will the nuclear spin state change. The nuclear spin relaxation
times for mercury isotopes range from secdnds to minutes, in contrast.
to the millisecond relaxation times of paramagnetic atoms (A61).
Cagnac has studied the slow nuclear spin relaxation of mercury
vapor in quartz cells to determine the causes of that relaxation.
First he finds fhat the presence of impurities (probably oxygen) causes
raﬁid relaxation. Careful cleaning of the cell is essential for
sucessful opticél pumping (see procedﬁres described in section III.B.).
After cleaning the cells, he finds that the relaxation rate is inversely
proportional to the size of the cell, i.e. proportional to the rate
at which a mercury atom strikes the walls. Cagnac also finds that

199

the relaxation time for Hg (100 sec in a cell at 300°C) is much

201 (1 sec in a cell at 350°C).

longer than the reléxation time for Hg
These isotopes have nearly idenfical magnetic dipole moments (TS64),
but Hg201 (nuclear spin 3/2) has an electric quadrupole moment and
_Hglg9 (nuclear spin 1/2) does not. From these facts we conclude that
the dominant relaxation méchahism for mercury isotopes with nuclear
spin greater than one-half is electric quadrupole relaxation on ‘the
cell walls.

The hamiltonian for the interaction of an electric quadrupoie
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moment with an electric field gradient is

2t
Jﬁ(t) = B‘I‘(TI—-TT Z e BxJ= ( (IlIJ+IJI RN I(I+1))

where Q is the quadrupole moment of the nﬁcleus, I is the nuclear
spin, V is the electric field potential, and the partial derivitives are
to be evaluated at the position of the nucleus (A61). It is convenient

to rewrite the hamiltonian in terms of spherical tensors Qm and Vﬁ’

H(t) = 3 Q V(8

where
Q = 1 (312 I(I+1))
- 1ot F (1AL
Q eQ ZE:IZ
52 = TRISD) 7 L+
and |
V. = lﬁ
072,72

2%V + azv>

=1 +i
). Jg  \9Xoz 9x9z

vood (azv 0%V, . azv)
+2 © AN Al
2/6 \3x oy x93y

We treat the quadrupole interaction hamiltonjan as a stationary

random function with a finite correlation time Tc (BPP48,A61). The
average rate at which this interaction causes transitions from
Zeeman level m' to Zeeman level m is

- _ - T
Rm,m' = [ . <m[mb(0)[ﬁﬂ><m'|ﬂb(1)|m> e dt

e b e e e e e e

?
-

v
‘
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where the bar indicates an average over the various electric field
gradients experienced by a mercury atom on the cell walls, If the
time dependence of the correlation is‘approximated by an exponential,

then the integral yields

- .
R o= g In>? v @] —C&——
? , _ l+(wﬁm'TC) :

In averaging over possible values of the electric field gradient,'all
orientations are taken to be equally likely. Since the quantities
Vh are elements of a spherical tensor, the Vﬁ for one orientation

are related to the Vé.of'another orientation by the rotation matrix,
- 2 '
2 ' Dm'm (Q) Vm'

Then, by using the orthogonality of the rotation matrices (R57), we

obtain from the average over orientations

Inmﬂ”%vmﬂzlvmn

This quantity we shall call § .' The transition rate is then written

Rom = o1y 2 & Jan| 2 |me>) 2 ‘c  Mm =42
1) > - =&
m,m * 1+(2uBrC)2
Grcf%‘xjaz ¢ | <m] o 2 ""1£L“jf ’
= <w|1,1+1,1, [m'> » Am = 1
I%ﬂ,m' 1+(uBTC)
201

Cohen—Tannoudji has examined the relaxation of Hg" = and finds no

dependence on magnetic field Strength‘below 350 gauss (CT63). ‘He

concludes that the coherence time, Tes is less than 10'7 sec.. Thus

in this work (performed in fields of less than 10 gauss) the

denominator can be replaced by one. The relaxation rate is determined
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by gZTC. This quantity depends only upon the properties of the cell
wali and the electron shell structure of mercury. It is independent

~ of nuclear structure, and thus is the same for all mercury isotopes.

We can determine EZTC from the relaxation rate of Hg201

value to predict the relaxation rate of ngos.

and use that

We write the transition ratés in terms of the average rate, T,
of quadrupole-induced transitions for an unoriented nucleus in analogy

with the quantities p and q defined earlier.

. 201, _ 201 2 2 ’
Rm’mn Hg™ ) = =7~ |<m|Ii]m'>] Am = 2
7201 2
= —7— |<m|I,I+L I |m'>| Mm = 1
203, _ 5T203, 2, , 2 -
Rm,m'(Hg ) = g <l T m'>|% : - Am = 22
3r o '
203 2
= g5 <ml LI m>] m= ]

The quantities 501 and 7503 are related by the quadrupole moments
of the nuclei and spin factors. The quadrupole moments have been
measured by optical spectroscopy of the hyper-fine structure to be
Q203= 0.40 barn and Q201= 0.50 barn (R64, TS64). Then we have
T203/T201™ (56/81) (Qyq3/Qpp)= 0-44.

4, Rate Equations ‘ -

We can now write the rate equations for the ground state

Zeeman level populations,

T =" %) Wnym * %l W, me 2




(-
gt
e
G
w5
Vomex
&

R
i
A
F\(u

-45-

Where w, T _+R

= R
,m “m,m' m,m

, when the pumping light is on and W S
2

m,m'
when it is off. This set of equations can be solved analytically, but
the solutions are too complex to be useful. Itvis‘more convenient
for our purposes to solve the equations on a‘computer by Adam-Bashforth
numerical integration (H62).

The general behavior of tﬁe'solutions to the rate équations
can easily be described. If the Zeeman populations are initially
equal and the pumping light is turned on, the population change
toward a steadyvstate distribution with a time dependencé which is
a sum of exponentials with different.time constants, The order of
magﬁitude of the time constants is given by the reciprocal of the
sum of the pumping.and relaﬁation rates. The steady state populations
will depend upon the relative values of the two pumping rates and
the relaxation rate. If the pumping iight_is turned off, the
populations return to a uniform distribution with a time dependence
which is a sum of exponentials with time constants whbse order of
magnitude is given by the reciprocal of the relaxation rate. Choweverb
the relative amounts the different exponentiéls contribute to the
total depends also on the previous pumping rates via the steady state
" populations which had been achieved.) - The interestihg quantities
are not the populations themselves, but those observable quantities
dependent upon the‘populations. Those Quanfities, discussed below,

are calculated as part of the computer program.
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5. Measurement of the Polarization

In the optical pumping of a nucleus with spin of one-half,
one. quantity, the nuclear polarization, suffices to describe the
population changes produced and any measufement dependent upon the
Zeeman populations acts as a measﬁrement of .the polarization. However
when the nuclear spin exceeds one-half, 2I+1 different qﬁantities_are
required to uniquely determine the Zeeman populations. One of these
quantities is fixed by the condition AOE% L= 1. As shown in section
IL.B. the asymmetry produced by the parity-violating nuclear force.is
proportional to the nucléar polarization 6f the I= 3/2 excited state of

203

T1 Since this polarization equals the polarization, Als % m-am/I,

20; ground state, we must determine that linear combination

of the Hg
of the Zeeman level populations. The most direct method would be to
measure some other effect which depends upon the same linear combination.
We are aware of only one other such effect, the asymmetry of the electrons
emitted in the beta decay of the ngo3 nucleus. In é coulomb-approximation
first-forbidden beta decay such as this, the asymmétry is well |

V approximated by <v/c> multiplied by the nuclear polarization (Wel).
‘However the eiectrons emitted in this decay have small energies and are

| capable of penetrating only thin foils. The réquiremsnts for observing
these electrons seem inconsistent with the other requirements for this
experimeht discussed in section ITI.B. Thus we must resort to an in-

direct determination of the Hg203

polarization.
The steady state solutions of the rate equations for the Zeeman
populations express the populations in terms of just two quantities,

the polarization of the pumping light and the ratio of the pumping
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and relaxation rates. if we assume that model of the optical pumping
process valid for our experiment, then the problem of determining the
nuclear poiarization is reduced to a measurement of the quadrupole
relaxation rate. The strength of the-elettrié qﬁadrupole relaxation
201 203

can be measured with either’Hg or Hg™"".

The only quantity measured in the pumping of Hg201 was the |
attenuation of optical pumping light‘bybthe'cell. Because of the line
shapes of the pumping light and the absorbing medium, the-attenuationi
does not vary ekponeﬁtially with the path length in the cell. Insteadr
thé attenuation is found by an integral ovér the spectral distribution
of the light, I= fIo(v) exp[-k(v)%]dv, where I is the intensity

of light transmitted by the cell, Io(v) is the incident spectral
diétribution, k(v) is the absorption ﬁoéfficieﬁf, and £ is the length
of the cell. For a'doppier'broadened;line the aborption coefficient‘

is usually given by (MZ34)

R | R SR '
KO) = oo VI 5 g 1 o4 (@) (-ve) /)

]

m

where N is the density of atoms and the other quantities were‘defined
earlier. The quantitiy 6f interest here is the statistical weight,
represented hefe by gz/gl. When_the Zeeman levels of the ground

state are unequally populated, the statistical weight is not,gz/gl,

but instead depends upon the population distribution and the polarization
- state of the light (D57,B65).‘ Forllight circularly polarized parallel_
to the z axis, the effective statistical weight, S, is given by the

sum over the Zeeman populations of the ground state,
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| 2
'S =7 ay|C(Fy,1,Fyim+ ) [

The fraction of light transmitted by a ceil of length £ containing
mercury vapor at a pressure P, was calculated by numerical integration

over the doppler lineshape with various values of S. Some results of

the calculation for light from an enriched Hg198

202

lamp passing through

a cell filled with enriched Hg“"“ at 400°C are shown in figure'S.

198

The absorption with S= 0 is due to the 0.06% of Hg present in the

enriched ngoz sample. The additional absorption with S>0 is due to -

201. The value of S can be found from the'measured

the 1.38% of Hg
light transmission of thé cell by interpolation of the results of the
numerical integration.

When the optical pumping light is on; S changes from gz/g1 to
a value given by the above ekpression with the steady state populations.
By'turning the light on suddenly with a faster shuftér- wé can measure
the time, T, for S to change halfway to its steady state value. By
chopping the light off for periods of varied duration, we can observe
the dark relaxation of S\toward the value gZ/g1 and thus measure
the time, s, “for S to relax halfway. The dimensionless quantltles
PT» PTp, and the steady state value of S are calculated by the rate
equation computer program as functions of q/p and r/p. Some of the re-
sults of the prograh with the value q/p= 0.1 are shown in figure 6.
Because the measurable quantities overdetermine the two parameters,
these measurements also servevas é'test of the rate equation model.

In the densities of ng employed in this work, the ngo3
detectable only by its radioactivity. Because the beta-rays are

absorbed by the walls of the optical pumping cell, only the gamma-rays
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Figuré 6a. Quadrupole relaxation model prediction of light
and dark transient times as function of relaxation rate.
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Figure 6b. Quadrupole relaxation model prediction of effective
statistical weight as function of relaxation rate,
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Figure 7. Relationship between Aj and Ap in the quadrupole
relaxation model (solid line) and in the Boltzman distribution
(broken line).
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are availablé for determination of the Zeeman level populétiohs.

The gamma-rays are characterized by their angular dist:«fibutioh and
their circular polarization measured along the optical pumping aJ.cis.*

- Using the value 6= 1.43 for the M1-E2 mixing ‘ratvibo', the angular diStri-
bution is W(6)= 1.0-0.985A,P, (cos6) énd the circular polarization of

gamma-rays emitted in the +z direction is (TC53,HTG54) P#= 1.21A;-1.19A,

where
A1 = {Zmbm}/I
A = {3mn’b_ - I(I+1)}/(21%-1)
As = {5zmb_ - (312+31él)zmbh}/(213-312+1) )

The Ak are nomali;ed so that all Ak equal one when bm=I..= 1 and
b Al = 0. The bm are the Zeeman populations of the excited state of
203 |

T1“"”, which are easily eXpressed in terms of the Zeeman populations of

203_ ground state,

the Hg
Measurement of the change in the gamma counting rate seen along

the optical pumping axis when the optical pumping light is turned onm,

measures that. linear combination of the populations which appears in A,.

However only within the context of a specific model of the optical

pumping process can A; be related to the polarization, A;. The relation-

ship between Az and A; for the quadrupole relaxétion-model discussed

above is shown in figure 7 (with q/p= 0). Also shown is the relation- |

*This circular polarization ‘observed'.alo.ng a previously defined axis

does not represent a violation of parity,
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ship between A, and A; when the Zeemah populations follow a Boltzman
type of distribution (bmf exp[-Bfm]). ‘At small polarizations, the
ratio of A to A; is strongly model'dependent.
The_gamma-ray'polarization depends upon A; and A; with nearly
equal coefficients, but for small polarizations A; is much-leés than
A,. In the quadrupole relaxation'modél, A3/A; is less than 0.1 for
A1<0.5. Thus when the polarization is fairly small, the gamma-ray

polarization determines the nuclear polarization to about 10% accuracy.
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B, Apparatus
1. Oven
Preliminary optical pumping experiments were performed with

commercially supplied_Hg203

of low specific activity in a quartz
cell integral with a glass vacuuh’pumping stand. This temporary
system had several serious faults. Mercury in the sidearm reservoir
produced a large background céunting rate only partially eliminated
by lead bricks stacked aroundvthe glaés system. Unless the cell

was completely valved off from the vacuum System, the mercury -
slowly migrated to the liquid nitrogen traps.: However with the cell -
valved off, condensed mercﬁry on the walls ofthe cell caused an
undesirable background to the mercufy vapor. The héating.tapev
we'wrapped around the cell failed to heat the cell above 150°C.
No change in the angular distribution of gamma rays (to about i%
accuracy) was observed in these eXperiments.

These preliminary experiménts and the literature on optical
pumping of stable'ﬁercury isotopes (see section III.A.) suggested
criteria for a system to optically pump radioactive mercury.

The total amount of mercury in the system should be kept to a
minumum and the sidearm reservoir should be well shielded from
the gamma detectors.“ The pressure ofﬂmercury vapor in the cell
must be kept below the equilibrium mercury vépor pressure corres-
ponding to the temperature of the cell walls. This requires.
separate temperature control of the celi and the reservoir. The
heating system for the cell should be capable of achieving

temperatures up to 400°C to minimize depolarization on the cell



Sodium lodide Crystal

Mirror

-56-

To Centrifugal Fan &

Glass Wool Insulation

/Alummum Shoff

/-Leod Shielding

/—Tanmlum Cell Housing

Evacuated Quartz Window

Glo Coils
Pyrex Tube
7 //
4
2
", , ’,///
'd 7 7
Q///// s 3
Ve // y
@ /// g ,, ,\E
N A e
Wione /////
N s/ .
’ 7/ 7 s
\’/ 7 ;
s 7 7 s s 7
s 7 vV s 7
VAV a4 a4
Ve 7| /s g 7
R4 s 7,
[valvs s 7 4
s 77 1.7 - 2
s VARV AR/
/,"// w24
7 /e /]
\/ //,r ////>,
Z -

Light Pipe &
Phototube Housing

Figure 8.
system,

Optical Pumping Cell —/

B

7 4
S ///
4 ., s
s ////
4 / d
4 Yad
/77 Z, z

4

/—Marinne Insulation

-

B | P ey
\ N
N
< Helmholtz Coils
N
\ \ N - wate
Water Dewar
N
N
\Mercury Reservoir
(L LL L L
N N

XBL 7211-5856

Diagram of the final version of the optical pumping




-57-

wa:_Ll‘s (C61). The cell and reservoir should be .isolated from any

cold traps or vacuum pumps. The gas flow conductance between the cell
and reservior éhould be small enough to make the sittiné time of a
mercury atom in the bulb longer than the nuclear spin relaxation time.
With these criteria in mind we des_'ignéd and constructed an optical
pumping system. (See figure 8.)

The cell could easily be heated to high temperatures by placing
electrical heating coils in close prokimity to the cell, Vbut we were
concerned that the inhomogeneous magnetic field from these coils .
could cause depolarization. We decided upon a recirculating hot-air -
system to heat the cell. A centrifugal fan was mounted on a thin-wall
stainless tube. The tube was suspended between ball-bearings located
outside the oven assembly and was dri‘ven-at 1670 rpm by an ac motor.
The centrifugal fan drew air  up a. pyrex tube from the cell housing and
blew the air into a chamber containing four Glo-coil electrical heatefs. :
The Glo-coils, pov(rer'e.d by a Variac, heated the air with up to 2640 watts
of powe'r'.. From this chamber the air moved down another pyrex tube to
the cell housing. Thus the air inoved around in a closed loop, being
heated by the Glo-coils, and in turn heating the optical pumping cell.
The centrifugal fan and Glo-coils were mounted in a stainless-steel
box which was insulated by 5 cm of glass wdol and enclosed in an
aluminum outer box. The two pyrex tubes leading to the cell housing
were also insulated by glass wool and enclosed in an aluminum shaft.
The ac motor and the Glo-coils were 120 cm away from the cell hbusing |
and far outside the magnetic field of the Helmholz coils.

The cell housing was contructed from 6 mil tantalum sheet and
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insulated with glass woel. Evacuated and sealed-off cylindrical quartz
cells made ultraviolet-transmitting windows of low thermal conductivity.
There were large windows (diameter 5 cm and height 4 cm) on the front
and rear of the housing for the optical pumping beam and small windows
(diameter 2.5 cm and height 4 cm) on the sides for observation of the
scattered resonance light. A thefmocouple, located in the pyrex tube
leading from the cell housing up to the centrifugal -fan, measured the
cell temperature, This system easily and dependably heated the cell

to the desired temperature of 400°C. |

- The gamma-ray counting rate depends critically upon the temperature

of the mercury reservoir because of the ekponential dependence of -
equilibrium vapor pressure on temperature.* Fluctuations in reservoir
temperature cause statistical variation in the gamma counting rate and
must be minimized. We used a recirculatihg contant-temperature bath
(Haake model FJ) to control the reservoir temperature. The manufacturer
claims a stability of 0.01°C for this unit. Water was pumped from the
constant—temperature bath into a dewer located under the cell housing.
The sidearm reservoir of the cell hang down into this dewer. Overflow
water from the dewer returned to the constant-temperature bath. This
system was capable of controlling the reservoir temperature between room
temperature and 100°C. |

-

For our later experiments we wanted to cool the reservoir below

*At 40°C a change in temperature of 0.5°C causes a 4% change in

vapor pressure (N63).
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room temperature.‘vThe'dewer‘was lined with styrofoam insulation and
filled with a glycefOl and water'miixﬁfe.* The water.inlet and
outlet pipes were replaced with a coil of copper refrigeration being.
A standard refrigeration compressor pumped 1i§uid Freon-12 to an
expansion valve mounted on the underside of the dewer, The expanding
~gas, flowing through the copper coil, chilled_the;glycerdl-water mixture,
This was capable of cooling the reservoir to -25°C, even with the cell
housing at 400°C, but the temperature stability.of the reservoir was
poor, |

v The'lead'shielding was designed to enclose the mercury reservoir as
completely as possible. With the dewer in pléce, the reservoir was
surrounded by a 1.3 cm thickness of lead eXcept for‘openings for the
_pyfex tube leading up to the cell and for the dewer inlet and outlet.
The lead shieldingektended upward to 20 cm above the midline of the cell,
except for two 5 cm diameter openings‘facing the gamma-ray detettors.

The magnetic field for optical pumping was produced by a pair of

Helmholtz coils. Each-of the coils consisted of 36 turns of #12 wire
wound on a 36 ‘cm diameter form. The coils, spaced 18 cm apart, produced
a field at the cell of 1.8 gauss per ampere of currént. They were
normally operated at 5 A, producing a field of 9 gausé parallel to the
optical pumping beam. The magnetic field (including the Earth's fieldj‘

varied only a few milligauss over the volume of the cell.

*The freezing point of this 70% glycerol and 30% water mixture is

-38.9°C (CRC61),
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2. Cells

The cylindrical optical pumping cells (diameter 3.8 cm and
length 3.8 cm) were.constructed of Suprasil-grade fused quartz. The
optical pumping light passed parallel to the axis of the cylinder v
through the 0.03 cm thick end plai:es. A 3.8 cm length of 0.01 cm inner
diameter quartz capillary was seaied onto the side of the cylinder.
This constriction reduced the gas flow conductance out of the cell and
lengthened.the sitting time of a mercury atom in the cell. The molecﬁlar
flow conductance for a cylindrical tube is.F= 30.48a%vT/ (avM)
liters/sec where a and % are the radius and length of the tube in cm,

M is the afomic mass in grams/mole and T is the temperature in °K (D49).
With the dimensions of this capillary, the conductance of mercury vapor
at 600°K is 1.7 cc/sec. The volume of the cell was 43.4 cc, so the
sitting time was 25 sec. This is longer than the depolarization time
of mercury nuclei with spin greater than one half (C61).

The quartz capillary was joined by a graded seal to 8 mm ID pyrex
tubing. The tubing extended down 30 cm, around a U-bend, and up 5 cn
to the point where the cell had been separated from the vacuum system
after being filled. The U-bend, during operation the coolest part of the
cell system, was the mercury reservoir and its temperature determined
'the mercury vapor density.in the cell.,

The density of mercury vapor in the cell differs from the density
in the reservoir because the two are at different temperatures. In a -
steady state the net flow of'mercury through the capillary is zero, and
it is this criteria we must use to relate the atomic densities in the

two regions. If the two regions were connected by an aperture in an
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" infinitely thin wall; then in a steadyustafe'kinetic gas theory gives
for the ratio of pressﬁres pl/pz=IVT?7TZ (R79). This result is usually
assumed valid for any geometry of'connection between regions, but the
ratio of pressures for geometries similar to ours actually varies by
several per cent from /TT?TZ' (EH65).. We use the thin-wall aperture
result as an approximation. The ratio of atomic densities is then
N1/N2= 2/T1 .

| The vacuum system used for preparing the optical pumping cells
was pumped by a liquid nitrogen trap, oil diffusion pump; and mechanical
pump, The system includéd a needle valve forvleaking spectroscopic
~ grade helium into the cell and a manometer fbf readihg pressures in the
range 0 to 20 torr. In filling a cell with stable mercury, the pyrex
sidearm of the cell was joined.to a vertical_section of pyrex tube which
was closed at the bottom and joined'tb a small pyrex funnél at the top.
A pyrex tube from the side of this vertical section was joined to the -
vacuum systém.

In the initial cleaning process, the funnel was sealed with a

rubber stopper and the cell was evacuated to about 107> torr. The
cell and pyrex sidearm was heated with a hand-held torch to drive off
volatile contaminents, The cell was then let up to atmospheric
pressure, the rubber stopper removed, -and a small drop of metallic
mercury dropped through the funnel to the bottom of the vertical section,
The funnel was then pulled off and its connection to the system sealed -
with a gas-oxygen torch. A dewer of liquid nitrogen was then raised up
under the vertical section to prevent migration of the mercury and the

system was again evacuated for the second cleaning process.
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In the second cleahing process the cell and sideaﬁn were heated
with a hand-held torch while being pumped by the vacmmi system, Finally
.the cell .was cleanéd by running a gaseous discharge of helium in the
cell. The cell was valved off from the vacuum system and spectroscopic
~ grade helium admitted until a preésure of 3 torr was reached. Two.
parallel metal plateé, forming a capacitor, were positioned around the
cell and connected to the output of a radio frequency oscillator
~ (about 15 watts of powér at 5 MHz). A discharge in the cell was starfed
with a tesla coil and allowed to rum ovemight. The glow of the dis-

charge was examined with a hand-held spectrométer. As the discharge
continued, molecular bands appeared and the characteristic helium lines
waned. The cell was then evacuated; refilled with fresh helium, and
the discharge restarted. This was repeated until the spectrum persist-
~ently showed only the helium lines. The cell was then evacuated for
the transfer of mercury. The dewer of liquid nitrogen was moved from
the vertical section to U-bend below the cell. The drop of mercury in'
the vertical section was gently warmed with a torch until condensed
mefcury was seen in the U-bend. The cell and sidearm were then pulled
off the vacuum system with a gas-oﬁiygen torch. The cell was then ready
for mounting in the optical pumping system.

In filling a cell with radioactiye mercury, we tried to avoid
putting more than. the required amount of mercury into the reservoir. We

202

did this by first seriding the Hg sample to the Berkeley TRIGA Mark III

reactor for a short exposure. This produced a small concentration of

203

Hg in the sample which served as a tracer. This sample was trans-

~ fered to thin quartz tubes (0.1 cm outer diameter, 2 cm long) in a
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manner similar to the filling of a cell described above. The amount
of mercury in each tube was determined by measuring the gamma-ray activity
with a small sodium iodidevdetectori' The amount of mercury in each tube
was adjusted to the desired amount and the tube was pulled off the vacuum
system. The tubes were then sent to the reactor for final activation.
After activation, one of the quartZ‘tubes and a pyrek-enclosed iron
slug were put in the U-bend of an optical pumping cell. The cell was
cleaned and pulled from the vacuum system in the manner described above.
The iron slug was lifted with a-hénd-held permanent magnet and dropped
on the quartz tube, thus. breaking it open and releasing the mercury into
the cell. | |

203

One of the quartz tubes containing Hg was sent from the reactor to

the high-current mass spectrometer at the Argonne National Laboratory

for separation of the Hg203

from the stable mercury isotopes. In this
spectrometer fhevions are collected by impéct»on a strip of aluminum

foil, The mercury ions are buried deep inside the aluminum and cénnot
escape until the aluminum is melted. The aluminum‘strip was returned

to us., We prepared a cell on a glass system similar to that described
above for use with stable mercury isotopes. The aluminum strip was
drdpped into the glass system, the system was sealed and evacuated, and
the cell was cleaned. The mercury was transferred into the cell by |
heating the section holding the aluminum strip until the aluminum melted 1

and the mercury was released. The mercury was collected in the U-bend

of the cell by cooling that part with liquid nitrogen;
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3. ‘Optical System

The optical system consisted of a mer¢ﬁry electrodeless-discﬁafge
lamp, a linear polarizer and quarter4wave‘p1ate to circularly polarize
the light, front surface mirrors to direct the light through the
pumping cell, and a phototube to monitor the light transmitted by
the cell. | '

The mercury discharge lamp used in our first experiments was
a commerical unit produced by GenerallPrecisidn Systems. This was
the most intense mercury resonance iamp frée of self-reversal that
we could find., According to the manufacturer, the 254 nm emission
line has a doppler line shape corresponding to a temperature of
800°K. The discharge occured in a 1 cm diameter spherical quartz bulb
cohtaining a small drop of mercury and filled with argon buffer gas to
several torr of pressure, The'quértz bulb was held in the coil 6f a
5 MHz oscillator. The oscillafor employedIOne 2N3553 RF power tiansistor
in a class C mode of operation. The discharge was started with a
tesla coil and tﬁe DC supply voltage adjusted to give the desired
intensity of discharge. A stream of air cooled the quartz bulb.

The output of the discharge lamp was measured by an Eppley
thermopile, The 254 nm line was separated by én interference filter -
(20 nm bandwidth, 12% transmission at 254 nm) supplied by Baird-Atomic.
The General Precision lamp had no reflector (the bulb was suspended |
just above the printed circuit board by the oscillator coil) so. the
light™ intensify decreased approximately with the square of the distance
from the lamp. The measured intensity of the 254 nm line at a distance

of 8 cm from the lamp was 0.12 mW/cmz; This corresponds to a total
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output by the bulb of 90 ml in the 254 nm line,

After several preliminary attempts at optical pumping, we desired
a more intense pumping light. We tried using a spherical qﬁartz
condensef lens (7.5 cm diameter, f:1) to direct the light iﬁto the cell,
but this gave no great inlprovemeﬁt. We then tried putti_ng'a metal
reflector around the bulb to focus the light, but all the metal reflec-
tors tried changed the coupling of the oscillator coil sufficientiy to
prevent oscillation. Finally a new lamp was designed and built, A
parabolic reflector was machined out of lucite and polishéd. A film of
aluminum several hundred nm thick and a‘protective coating of m_agnesiixm
oxide were evaporated onto the lucite surface to make an ultra-violet
mirror. The ékin depth of aluminum for 5MHz radiation is approximately
40 micrms, so the thin film did not affect the operation of the
oscillator. Cooling air blew over the quartz bulb from the holes in
the reflector for the coil leads. ‘The circuit was adapted from that
of the General Precision lamp and the same bulbs were used, The
new lamp gave an intensity at 23 cm distance of 0.56 nW/cn’. This
was about 30 times the intensity of the General Precision lamp at
the same distance, Total output of the bulb was the same. The
flux of 254 nm photons at the cell (without polarizers in place) was

15 photons/ cmz‘-sec. -

about 0,7x10
The General Precision lamp was supplied with several bulbs

containing the natural mixture of mercury isotopes. We obtained
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198

enriched samples* of Hg 204

and Hg™" " from the Oak Ridge National
Laboratory and had General Precision preparé several bulbs containing
these enriched mercury isotopes.  Attempts.at making our own bulbs
were unsuccessful. |

The linear polarizer was a 5 cm diameter disc of type PL-40
polarizer (produced by Polacoat Cbrp.). The typical transmission
for 254 nm light was 37% for light polarized parallel to the pass
axis and 2.3% for light pélarized perpendicular to the pass axis (MN61).
This polarizer, when combined with a perfeét quarter-wave plate,
would produce a beam of 88% circular polarization; The polarizers
slowly deteriorated in the intense ultra-violet light and were
replaced occasionally,

Commerical quarter-wave plates for ultra-violet are available, -
but only with small apertures. Fbr 1arge apertures (5 cm) other
techniques must be used. Wé chose to use the photoelastic effect
of fused silica (K57;M68). Fused (non-crystaline) silica is normally
optically inactive; but when put under stress it displays optical
activity. A vise was machinéd from a brass plate to hold a 5cmx5cmx0.6cm
fused silica plate. A screw pressed upon a brass bar which distributed
the pressure across one end of the silica plate. Teflon pads were placed

around the silica plate to assure the stress was uniform. The vise

was adjusted by pﬁtting it between crossed polarizers in a beam of

198 mple contained 94.4% 198, 3.9% 199, 0.9% 200, 0.3% 201,

204

*The Hg
0.4% 202, and 0.1% 204; The Hg sample contained 3.0% 198,

4.9% 199, 6.7% 200, 3.9% 201, 11.0% 202 and 70.6% 204.
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254 nm light and adjusting the screw until the transmission of light
through‘the'system no 1qnger’varied'a$ the second polarizer was rotated
about the axis of the»light'beamy The transmission of the quarter-wave
plate for 254 nm light was 85%. The loss was due mostly to surface
reflections." | ’

One must know the helicity of the‘Opticai pumping light to
deduce the sign of any obserVed‘aSymmetry-of gamma-Tays. Thus one |
must identify the fast and slow aXeS'of the quarter-wave plate, The -
axes can be identified by comparision with a'previOusly labeled quarter-
wave plate, but several éommercially supplied and labeled quarter-wave
plates borrowed from other researchers were not unanimous in their
identification of the fast and slow axes. We decided that the most
unambiguous procedure was to compare the quarter-wave plate with
circularly polarized light whose handedness can be deduced from simple
physical principles. Such light results frbmvlinear polarized light
obliquely”reflected'from a metal surface. Because of the finite skin
depth of the metal, light beams polarized parallelfand perpendiéular
to the surface experience different phase lags during reflection
(see Appendix I). When the linear polarization vector is tilted to
the right (as seen when looking toward the source) and the angle of
incidence has the  correct value (dependent upon the skin depth of the
metal and the wavelength of the light) then the reflected light is
left circularly polarized. 'By performing thié experiment we concluded.
that the direction of application of pressure on the silica plate

becomes the ‘slow axis of the quarter-wave plate.
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The mirrors which direct the light throught the pumping cell |
were made by evaporating aluminum on the front surface of thinv
(0.8 mm) pyrex plates, The mirro‘rs were made thin to minimize the
scattering of gamma-rays. No protective coati‘ngv could be used because
thin dielectric layers alter the polarization state of light in |
oblique reflection. ‘

The light transmitted by the cell was monitored by a 1P28
phototube wired as a photodiode (all dynodes shorted to the anode).
The window of the phototube was blocked down’ to a square centimeter
opening and covered with an interference filter (20 nm bandwidth,

6% transmission at 254 nm),. Th_e phototube serisitivity was calibrated

against an Eppley thermopile,

chosen as the gamma detectors for their high detection efficiency.
The efficiency of the cylindrical crystal (diameter 7.6 cm and length

7.6 cm) for ‘the 279 Kev ganma-ray of T1203

is 85% in the compton peak
(B64). Each detector crystal was joined by optical coupling grease
to a 60 cm long lucite light pipe which was joined to an RCA 8575

photomultiplier tube. The light pipe was wrapped in aluminum foil,

a magnetic shield was placed over the photomultiplier, and the assembly

was enclosed in a light-tight housing. The long light pipe was used
to keep the photormiltiplier and its magnetic shield far outside the
magnetic field of the Helmholz coils. A standard design was used for
the photomultiplier high-voltage circuit (RCA70}.

The anode pulses of the photomultiplier were shaped and amplified
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by a model 198 amplifier (produced by the LBL shops). The output

of the amplifier went either via a Hamer NC~14 single channel
analyzer, or sometimes directly, to an Ortec 430 scaler. The scalers
.werelgated on for runs of preset duration by an Ortec 431 timer-scaler.
-The contents of the scaler were printed out by an ASR-33 teletypé |
under control of an Ortec 432 printout control.

5. Compton Polarimeters

The circular polarization of gamma-rays can be measured by the
‘ gamma-ray polarization dependence of their:Compton scattering by -
polarized electrons (S65,F38,T56). -The polarized electrons employed
are those d-state electrons respensible for the magnetism of ferro-
magnetic materials. The polarization dependence of the cross section
can be observed by measuring the intensity of either the unscattered
'.gamma-rays (transmission method) or the gamma-rays scattered at some
finite angle (scattering method). The geometry of the optical pumping
system precluded the use of the complek assembly of magnets and
shields required for the scattering method, so we employed the less
efficient transmission method. .v

The fraction of gamma-rays transmitted by a length L of magnetized

iron is T= exp[- (T _+8T +T , +T )JL] where T, 1.,, and T are the

c ¢ ph pair c’ p pair
ordinary gamma-ray attenuation coeffigients for Compton scattering,
photo-effect, and pair production as tabulated by Davisson and Evans
(DE52). The quantity GTC is the polarization dependent part of the
Compton attenua;ioﬁ coefficient, which is always small cempared to the

ordinary term. When the intensity of transmitted gamma-rays is

measured with the electron spins parallel (N,) and anti-parallel (N_)
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'F_igure 9. Cross-section view of one of the Compton polarimeters.
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to the direction of the gamma-rays we have (N_-N_)/(N_+N_ )= GtcrLE‘ePy,
so the efficiency of the polarimeter is proportional to its thickness.
However the counting rate decreases'eiponentially with thickness and

the maximum signal to noise ratio is obtained with'(Tc+Tph+ L= 2,

Tpair
If the polarimeter is designed to bring the magnetization of

the iron parallel to the direction of the gamma-rays, then the curved
magnetic flux lines at the front and rear of the'polarimeter'make.
calculation of the effeciency difficult.. By compromising on efficiency
and tilting the magnetization direction tob45° from the gamma-rays, WE
simplified the geometry of the field (see figure 9). By integrating

the polarization-dependent Compton differntial-cross section (FS57) over

angles we obtain

_ Y S 2 a1
= o e - 1+4k4+5k) . 1+k,
§Tc = MePe CoS(45 )Pyz“n?‘gr Gk, ~ 2K, P12k

where n, is the density of electrons, Pe is the electron polarization,

and ko is the gamma-ray energy in umits of mcz. For the 279 Kev

- gamma-ray of 71203

we have GTC/nePePY= 0.015 barn.

The magnetization of the iron was measured by winding 10 turns
of wire around the scattering section and connecting this coil to a
Hewlett-Packard 2212 voltage-to-frequency converter. An Ortec scaler
counted the output pulses of the converter as the magnetization
direction was reversed. The instanteneous voltage across the coil is
proportional to the rate of change of flux through the coil, so the
accumuléted'counts in the scaler measures the integfated change in

flux from the reversal, With 20 amps of current in the magnet coil,

the magnetization of the iron was 1070‘ergs/gauss-cm3. This corresponds
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to 1.1><102'.3 ‘polarized elec"crons/(:m3 (or 1.3 polarized electrons per

iron atom), Thus we have ch/Pyé 1.7x1073 and the efficiency of the

2.7 cm thick polarimeter is e= 3.9x107°,
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C. Observations

Our intended procedure was tc first carry out a series of measure-

ments on Hg201 203

and Hg“"~ to verify the rate equation model discussed
in section III.A and to determine the relevant parameters of the
model. This would allow the calculation of the nuclear polarization'

203 we could achieve. We would then have set up the experiment

of Hg
for the automatic sequencing and data collection required for the
observation of the:expected small parity-violation effect.

In the course of filling and eXperimenting with the first few
Opticél pumping cells, we developed the cell cleaning and filling
techniques described in section III.B. We also discovered thaf the
entrance and exit windows of these cells were optically active, When
placed between crossed linear polarlzers .the cells showed the dark
cross characteristic of a radial stress pattern. The pattern did not
change when an evacuated cell was let up to atmospherlc pressure, SO
we concluded that the optical activity was due to residual strains left
in the quartz from assembly. Annealing the cells in an oven for several

hours after assembly produced cells free of any cbservable optical

activity.

201 198

Optical pumping of Hg with a Hg lamp was performed in several
different cells, A motor-driven chopping wheel was used to observe

the transient optical transmission of the mercury vapor. Typical
results were TL 1.0£0.2 sec and 0 3.520.4 sec with the reservoir at-
60°C and the cell at 400°C. The values of 2 varied somewhat from cell
to cell, but most of the cells which were carefully cleaned and filled

had valués in the range indicated. The efficiency of the linear
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polarizer gave a value of q/px 0.1 for the optical pumping light, |
so' the values of T and Ty can be interpretated with the computer
calculations shown in figure 6. |
The observed ratio of T, to ;. corresponds to a value r/p=

004t88§ From the value of T, and this value for r/p we conclude

1 1

that p is about 0.2 sec > and r is between 0.04 sec” and 0,12 sec ",
The value of r agrees with that found by Cagnac under similar conditions
(C61). The relaXation rate increased rapidly as the cell was cooied
below 300°C. The relaxation rate was apprdximately constant for cell
temperatures betWéén‘ 300 and 400°C. o

The transmission of the.optical pumping light through the celi
was measured with the magnetic field turned off so that the Zeeman
populations remained equal. The tréx;smission was measured as a function
Qf' the reservior tenlperéture and .comp'are'd with the transﬁ,lission calcu- |
lations with the effective statistical weight ,. S, set equal to one.
The observations agreed with the calculations to within 10% accuracy.
The magnetic field was then turned on to 9 gauss and.the change in
transmission measured. This change in transmission was compared with'
the numerical calculations to determine the value of the effective
statistical weight. Under the same conditions 'chal't_gave'_'rlll2 1 sec and
T 3.5 sec, we found S= 0.80:0.03. From figure 6 we see that this
- value of S corresponds to r/p= 0.35%0 .;07. This is in complete dis‘agree.—
ment with the value 0044_'382 found from the measurements of 7y, and T, '
These ‘eitperimen’ts were repeated with several cells. The values of fD |

and S varied somewhat from cell to cell, but in every cell the two
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methods of determining r/p disagreed.

203 2

was performed with the enrichengz0
2

- Optical pumping of Hg

sample (which contained 1.38% Hg Ql) after neutron irradiation in the
TRIGA Mark III reactor. Thus the optical pumping cell contained

20 03

both Hg 1 and ng . This allowed measurements to bevperformed on the

two isotopes under indentical conditions. The values reported above

201 actually came from one of these samples. The ngo3 measure-

for Hg
ments were made with one gamma-ray detector located on the optical
pumping axis 12 cm away from the optical pumping cell. The,gamma-ray
counting rate was meaSuréd with the optical pumping light on le) and
off (Nz). From the equation for the ahgular distribution of gamma-rays
in section III.A we‘have‘A2= 1;02(N2-N1)/N2. A series of runs with the
sample discussed above gave A= 0.061+0.015. Measurements with other:
samples consistently gave similar values. Comparison with the results

20

of the rate equation calculations for Hg 3 with quadrupole relaxation

yields r/p= 0.5. The dependence of A, on r/p in this rangé is such
that an accurate value of r/p cannot be deduced. However this result

is definitely in disagreement with the value r/p= 0.04 found from

201

measuring 7; and T, for Hg™ " in the same cell at the same temperature.

The value of r measured for ngos_should actually be smaller than the
value of r for Hg?01. -
These measurements with Hg201 and Hg203 show that the rate

equation model with quadrupole relaxation did not correctly describe
the processes occuring in the optical pumping cell. Yet the relaxation

time observed was in agreement with Cagnac's work where the dominant
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relaxation mechanism was shown to be :electric quadrupole. While still
trying to understand these results, we started construction of the
Compton polarimeters.  Our experiments so far had not ruled out the -
existence of a sizable (=50%) nuci_ear polarization of the ngos.

We expected measurement of the gamma-ray circular polarization to show
if the amount of nuclear polarization was sufficient for us to proceed
with the search for a gamma-ray asymmetry.

By the time the Compton polarimeters were ready for use we had
realized that resonant trapping o'f the optical pumping light was
responsible for the failure of the quadrupole relaXation'model, and that
the mercury reservoir temperature must be lowered below room temperature.
The freon refrigerator and water-glycerol dewer were installed. The
sample used with the Comptoﬁ polarimgt'er's was the isotopically

03

separated ng from the Argonne mass spectrometef. ‘The 'eXpec_ted

ng03 fraction in this sample was f,,.= 5x107°, 7

With the Compton pdlarimeter' in place the distance from the cell
to the gamma-ray detector was increased to 75 cm : Combined with the
e attenuation of the iron scatterer, this change reduced the gamma-

ray counting rate by a factor of 350.. The amount of mercury in the

cell had also been reduced by lowering the reservoir temperature. We
203 '

-

hoped that a high concentration of Hg in the Argonne sample would
compensate for these losses in count rate so that we could measure
Ay and A, in a reasonable amount of counting time.

The gamma-ray counting rate was measured as a function of the

density of mercury vapor in the cell. The eﬁctrapolation to zero

density showed a background rate of 10 cps. At a reservoir temperature
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.of -10°C (the temperature we hoped to use for optical pumping) the
total count rate was only 14 cps. This counting rate corresponds

203 4

to a Hg™~ fraction in the sample of £503" 1x10" ", much smaller than

expected. Measurement of the attenuation of the optical pumping

light in the cell as a function of mercury vapor density indicated the

198 201

presence of a mercury isotope (either Hg ) with an absorp-

198

or Hg
tion line conincident with the Hg'~° lamp. This meant the reservoir |
temperature could not be raised to increase the ganmma-ray counting
rate without causing resonance trapping. We were able to measure

A, with this low count réte,'but because of the low effiéiency of the
Comptons polarimeters (e= S.QXIO_S) measurement of the gamma-ray
circular polarization was not feasible, The value Of‘Az found was
0.05:0.02, consistent with the values found at higher Teservoir

temperatures.
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D. Conclusions -
From the results of our optical pumping ekperiments on Hg201_and

203

Hg we see that the'quédrupole‘felakation model'failed'to describe

the processes occuring in the optical pumping cells. The various

samples and cells used all gave results in drastic disagreément<withi :

the predictions of that model. This constancy in the results from
different cells suggests that the cause for this was not relaxation due

to the impurities in the cells. The fact that the dark relaxation

rate we observed was consistent with the values reported in the liter-

ature is further evidence against relaxation due to impurities and also

suggests that the pumping process may be responsib1e. The results

described above are consistent with a relaxation caused by the pumping -

light. This could cause the poor values of steady state polarization
observed and yet not affect the dark relaxation rate.

We believe that the reabsorption in the mercury vapor of the

pumping light (also called resonance trapping or diffusion of resonance

radiation) was responsible for the failure to achieve significant
optical pumping of the mercury vapor. This limitation on Optical
pumping has been discussed in the recent review by Happer (H72).

The phenomena of resonance trapping will be discussed in detail in the
next section of this work. Here we only indicate how this effect

limits the optical pumping of ngos.

The first absorption and emission of a photon after entering the -

optical pumping cell occurs as d scribed in section III.A. However

after that process, the photon may be moving in any direction in the
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cell and is no longer circularly polarized. AS a result, if the
photon is absorbed by a second atom, it may induce a Am= -1 transition,
rather than the”Am¥ +1 transition desired. Thus, in continued
scatterings in the cell, the photon may dépolarize'atoms which were
alreédy polarized. This has the same effect as if the ce11 were
illuminated with isotropic, unpolarized, resonance radiafion. Asvab
depOlarizafion process it is quite effective.

In the experiments performed with a reservoir temperature of
60?C, the mercury vapor pressure was 25 microns. At this'denSity aboutv

198

half of the light from the Hg lamp was scattered by the cell. qu¥,

ever those photons with frequencies in one wing of the doppler spectrum

of the optical pumping beam were located at the center of the absorption

201

curve of the Hg™ ~, For those photons the mean free path* in the cell

was about one tenth of the cell dimensions. Thus those photons most

201

likely to first be absorbed by the Hg atoms had a very small chance

of escaping the cell without reabsorption.

For those photons with frequencies at the center of the Hg201

absorption curve to see an optically thin cell, the mercury vapor
pressure must be less than 0.1 micron (reservoir temperature below 0°C,

H72). This means that the number of Hg203

atoms which may be pumped is
reduced by a factor of 250 from the estimate made in section II.C.
Thus the smallest statistical error which can be achieved by this

technique is larger than the size of the expected effect.

*The definition of méan free path must be modified in a doppler

broadened absorbing medium (H47):



-80-
IV. RESONANCE TRAPPING

A, 'Introduc':tion

The remainder of this thesis describes a éeries of experiments
intendedlto test the feasability of méasuring resonance trapping
effects by observation of cascade photons from an atomic beam. 'This‘
worklwas motivated by the eXiStence of an apparatus built io.dbserve ;
coincident photons from an atomic cascade of calcium,' and by our
interest in trapping stemmiﬂg from the work described in the previous'
part of this thesis.

The apparatus had been built by S. Freedman, J. Clauser, and D,
Rehder to perform an eiperimental test of hidden-variable theories
(CHSH69,FC72;F72). That eXperiment required measurement Qf the
correlation of linear polarizatioﬁ of the two photons emitted in a
J= 0+ J= 1> J= 0 atomic cascade. The atom chosen for study was calcium

21 1

and the transitions employed were the 4p SO‘+ 4sdp P1 transition of

551 nm and the subsequent 4s4dp 1P1 > 4s2 1

S0 transition of 423 nm to
the calcium ground state (see figure 10). This choice of transition -
was motivated.by the previous work by Kocher (X67). A sdhematiévdiégram'
of the apparatus used by_Freedman is shown in figure 11, which is repro-
duced from his thesis. Ground state calcium atoms are excited to the .
high 1P1 levels by ultraviolet excitation. .Some of the eXcitéd atoms‘
decay to the 4p2 180 state, and then cascade to the ground state via
the 4.7 nsec lP1 state. Thé‘two photons ére observed in coincidence

by the two photomultipliers in polarization states selected by the two

linear polarizers. The correlation of the linear polarization results
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Figure 10.

Atomic cascade of calcium. (from F72).
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from the requirement.thét the total angular momentum of the two. photons
be zero. | |

We intended to extend the work described in Freedman's thesis in
two. ways:  to perturb the correlétion of the two photons by appiication
of a magnetic field to the intermediate state of the cascade, and to
extend measurements of the inte’nﬁediéte state lifetime and of photon
correlations to high atomic beam densities where resonance trappiﬁg
becomes important. The first of these was attempted by Kocher (K67),_'
but without success .A Freedman had obs'erVed some trapping, but was not
able to produce beams of high density with the eXisti_ng atomic beam

.oven,
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B.. ‘Theory

1. Classical Thecries

Observation of resbﬁance traﬁping began_with th¢ c1éssic
investigation of R. W. Wood into the‘natufe of resonance fluore5cence;
Wood employed the transition used'in neafly ali the work on resoﬁance
‘trapping to be discussed here: the 254 nm 3P1 -> 180 traﬁsition of
mercury. Wood observed that the resonance fluorescence excited in\oné
region of a cell of mercury vapor spread tq'thé other regions. Inétal-
lation of a quartz plate which divided the'céll into halvés did not

affect the spread of the fluorescence from one half of the cell to the
| other'half. Wood deduced that the spread of fluorescence was due to -
diffusion through thé cell of the resonance light, and not diffusion of
excited state mercury atoms (W12). K. T. Compton extended this idea to-
discuss the behavior of helium arcs‘(CZS)._

The early efforts to construct a quahtitative description of
resonance trapping depended upon an analogy with classical diffusion
. processes (CZS,MZG); The time and.space dependenCé of the ekcitatidn,
of the vapor was assumed to belgbverned by a diffusion equation of fhe
form 9n/3t= D-V?n. The diffusion constant, D, in analogy with the
diffusion of atoms, was written as (1/3)X Vv, with X the mean free path
of the resonance radiation in the vapor, and vV the average speed. The
interpretation giveh v was the ratio of the mean free path;‘X},to the
vnaturai (untrapped) lifetime, T, of the excited atomic state. Compton -
and Milne (who used a modified version of the above equation) found

that the dependence on the atomic denSity; N, of the duration of the
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excitation of the vapor was of the form t'/1= 1+constant-Nz.

Measurements of the density dependence of the trapped lifetime
of resonance radiation in mercury vapor were performed by Zemansky (227)
and later by Holstein (H49). A thin flat cell containing mercury vapor
was illuminated on one face by 254 nm resonance radiation which»couid
be. chopped off suddenly; The decéy time of the 254 nm light emitted
from the opposite face was measured as a function of mercury vapor
density. A log-log plot of the decay.time and the:atomic density _
showed a slope of appfokimately one in the region of densities 1014 to
1015/cc (where the decay times are 1 to 10 ﬁsec), rather than the
slope of two predicted by Milne from the diffusion equation. |
The problem was reeiamined by Holstein (H47j in an analysis which
was the culmination of the classical (non-quantum mechanical) theory
Qf resonance traﬁping. Holstein pointed out that in a medium with
either a Doppler-of a Lorentzian resonance 1ineshape,'the mean free
path of resonance radiation is infinite because the light in the wings
of the distribution has a Vanishihgly small ébsorption'coefficient.
This divergence of the mean free path explains the failure of the
diffusion equation approach to a theoiy of resonance trapping; The
assumption.that one makes in writing the equation an(?,t)/at= D-Vzn(?,t)
is that the rate of change of excitat%pn at the point T depends only
upon the excitation distribution in the immediate neighborhood of T.
But if the mean free path of the resonance radiation is infinite; then
the excitation at points ?', far from the point ?, clearly has an effect

on the rate of change of the excitation at the point T.
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Holstein expressed the rate of change of the excitation at the
point T in terms of an intergral.ovef:the Volumé‘occupied'by the vapor,
"8'(_'*'1:) 5 o e 3
o = ol + v [, D@, d T

where

- l—:rz N P(v) exp[-k(v)lr ) k(v)dv
T

> >

and vy is the natural (untrapped) decay constant of the transition.
G(r ?) represents the probability (averaged over photon frequencies)“
of a photon emitted by an atom at r' being absorbed by an atom at T.
P(v) is the spectral distribution of the emitted resonance light and
k(v) is the spectral distribution of the absorption coefficient., P(V)
is usually, but not always, proportional to k(v) (H47, Appendix I).
This fbrmulation by Holstein prdvides a compiete deS;ription of |
the time and space variation of the intensity of trapped resonan@e
radiation*, but it does note include polarization phenoména, The influ-
ence of trapping on the polarization of resonance radiation waS ignored ~
for another decade. _ ‘ a
The second term in the differential eduation for n(?,t) becomes
significant when the product of the absorption coefficient at the
center of the spectral line and the linear dimensions of the cell

approaches one. The cells employed the experimental work on trapping

are of the order of magnltude of 1 cm in extent so we can say that

*Actually, Holsteinlhas‘ignored the possibility of a velocity
dependent distribution of ektitation'among the atoms, but this

approkimation is almost universally accepted.
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trapping becomes significant when k(vo)= 1 cmnl, For a vapor with
a natural linewidth, visible light, and a lifetime of 10 nsec, k(v,)
reaches 1 cm™! at Ne 1X1011/cc. For a Doppler line shape corresponding

L at N=1x101Y/cc.

to atomic velocities VRMS® 105 cm/sec; k(vy) reaches 1 cm

The solution of the integral equation for n(?,t) is eXtremely
difficult. It is crucial that the correct line shapes for k(v) and
P(Q) are used. The geometry of the cell must also be tréated in a
realistic manner. By rewriting the integral equation for n(?;t) as a’
variational eqUation; Holstein shbwed'thaf'there exists a complete |
and denumerable set of solutions of the.form.nn(?,t)= ¢n(?)exp[-6nt].
Thus the'general solution can be written as n(?,t)= % cnwn(?)exp[-snt].
.At sufficiently 1qng times, the smallest eigenValue; Bi, dominates
the behavior of n(?,t). Holstein calculated an approXimate expression
for By for the eXperimental geometry.describ¢d aboVe;'and'found the
duration of excitation to be T'/T= constant-N/IR(N), which is in reason-
able agreement with the eXperimental resuits for atomic densities below
1015/cc (above 1015/cc collisional broadening becomes important).

At high densities and for durations only a few times the natural
lifetime, there may be many terms in the eigenfunction ekpansion for
n(T,t) which are of comparable size. If this is the'Case; the decay
of excitation may be strongly non—exponential. However'the'experimental
data on the decay of excitation* is aiwaYs fitted to an eprnential

and the theoretical calculations are directed toward providing an

*When polarization effects are included, several decay constants appear
in the development. However it is still assumed that the sum of the

populations of all Zeeman levels decays with a single time constant, Yo.
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approﬁcimate value for this decay constant.

| .'I'he' problem of resonance trapping in a:n atomic béam, rather than
in a cell, has an additional compliéation. | The velocity vectors of
the atoms are all parallel but thé atoms have a .(approximately) |
Maxwellian distribution of speeds. Thus there is a Doppler shift
which is dependent on the direction of a photon relative to the d1rect10n '
of the atomic beam. The absorption coeff1c1ent k, depends on the
direction of the photon momentum as well as photon frequency. If thej
velocity distribution_of atoms 1n the beam :is n(v), then the absbrption
coefficient is k(w,8)= /M(vV)K(v,u,8)dv, where K(v,,0) is the absorption
coefficient for an atom with a velocity along the photon direction of
Vvecosb. K has a Lorentzian lineshape;' |

Zg
K(Vwe)“

2_ 81 Y /4+ (m wo (1+v/c cose))
With the usual appi‘oxmatlon for the veloc1ty distribution of an atomic

beam, we have

K(w,6) = _A_%giN__g_z {fm Vexp[-vVP iy
L " v/ 4+ (w-wo (1+v/c c0s6))*

where vo= V2KT/M is the most probable atomic velocity in a volume of
~gas (R56). Evaluation of the integral appearing in the definition of
k(u;,e) is an essential step in the ca}culation of resonance trapping
in an atomic beam. By defining x= v/Vvo, d;=2wovocos (8)/yc, and
B=2{w-wy) /Y, we can write the int.eg'ral inside the brackets as

4G (a B)/Y vo, where

G(aB) fxexp[x]dx
' 1+(axB)
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The regions where Gz(d,s) must be evaluated include o close to zero
(photon moving perpendicular to the'afomic beam) and B close to zero
(w close to wg). G2 can be expressed in terms of the error function
of complex argument, but the cases 0=0 and B=0 correspond to singular-
ities in the argument of the error function. Of course these singu-
larities cancel in the calculation of k(w,e) for physical frequencies
and angles, but the'appearaoce oflthe'singularities in the intermediate
expressions makes this approach impractical for solving the resonance
trapping problem. The evaluation of Gz(a,B) is further discussed
in Appendix II. |

The full equation to be solved for the trapping of Tesonance -
radiation in an atomic beam is more complicated than that used by
Holstein because the velocity distribution of fhe'ekcited'atoms must_
be included. Even if the excitation proeeSS'is such that the proba-
bility of excitation is independent of atomic velbcity; the decay of
those atoms with velocities in the wings of the distribution will
probably occur without reabsorption bec3Use'of.the:eXtreme Doppler
shift of those photons relative to most of the‘beam.'Thus,tefter'
several lifetimes, the atoms still excited will be dominantly those'
in the peak of the velocity distribution.

We have calculated the trapped lifetime of resonance radiation
in an atomic beam by Monte Carlo simulation., In this simulation,
case histories of individual excitations are generated from sets of
random numbers. The program generates an initial position and velocity

of an excited atom. It then generates a decay time and the frequency
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and direction of the emitted’photon., It generatesfreabsorptiqn'by"
another atom or escape from the beam with‘probabilities‘given‘by’the ‘
absorption coefficient; k(wlé); for a”photon of that frequency traveling
in that direction relative to the'béam, and the distance it must travel
to: the boundry of the beam; If réabsorptioh occurs, then it genefates
another decay time, photon frequéncy,‘and photon directiqn, This -
continues until escape occurs, The'times'of escape are recordedidh

a histogram, Usually 500 case histories'were generated to defermine :
the trapped lifetime for a given'étomié deﬂSity (which fequired about

3 seconds of time on a CDC 6600 computer). The’lifetimes'were derived
from the ‘hist_ogramsb by the integration technique of Bemnett (BKM64).
The Monte Carlo program is described in more detaii in Appéndik I1I.

2, 'Polarization and Trapping

Since the firét experiments BylHanle on zero-field ievel-
crossing, the polarization.of resonance radiation_has been employed to
- measure the lifetime of eitited‘states‘df atoms. MeaSurement_of‘the
polarization as a function of appiied magnetic field produces a

Lorentzian curve, whose width is interpreted as the coherence time
of the polarization in the vapor. While it was known that high atomic
densities decreased the amount of polarization dbsérVed'GM234), the"
possible effect of atomic density on éhe'cdherenCe time (coherént
ftrapping) was ignored for many years. Thus measurements of the life-
time of the 3P1 state of mercury by the Hanle effect yielaed a
variety of conflicting results. | '

The classic experiment on optical double resonance by,Biossel

and Bitter (BBS2) continued this error. That experiment was performed
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with a mercury vapor density corresponding to a mercury reservoir held:

7

at 0°C. They reported the lifetime of the 3p. state to be (1.55+0.03)x10"

1
sec and the g factor to be 1.4838+0.0004. They did not realize that
both of these values were in error because of trépping. After a number
of other experiments had found the lifetime of the 3P1 state to be |
about 1.1x1077 sec, Blamont repeéted the experiment of Brossel and
Bitter for different densities of mercury vapor. He found that the
coherence time of the polarization increased with atomic density, and
concluded that the transfer of excitation in resonance trapping was a
coherent process (GBB56,B57). That is, if the first atom was in a
coherent superposition of Zéeman levels, then some of that coherence
survives the transfer of excitation to the second atom. Thus the
measured coherence time (by Hanle effect or by double resonance) is
longer than the natural lifetime 6f the state.

‘'The theory of resonance trapping was éxtended to include coherence
effects by Barrat (B59). Barrat developed an equation similar to

Holstein's, but which describes the change in the ampiitude for the

n®atom to be in the m Zeeman level,

da, (n,t)
i_H-t_— = (u)o -l'Y/Z) am(n,t) + 1 2 Cmm' (n' ’n’t)am' (I'l' ’t)
n'm'
where o -
3. exp[lkORhn.] . .
Cop' = 7 1Y kR exp[1Awt]§<m|€A-3|gs?<gs|eA Djm'>.

'exp['kRnnv/Z]

This equation can be seen to be just the quantum-mechanical extension
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of Holstein's equation to inclﬁde the existence of the Zeeman levels
and the coherence of their amplitudes., The éx is the unit polarization
veétor of the transferred photon énd D is the electric dipole operator.
‘'This equation does not yet inclUde the shape of thé resonahce line; the
attenuation due to the vapor between atoms n and n' is written simply
as exp[-kRnn,/Z]. Actually Barrét had not been the first to calculate
the coherent transfer between atoﬁs. In one of the first applications
of the quantum theory of radiation, Weisskopf performed this calculation
in 1931 (W31), but the implications of his work for resonance trapping
were ignored. |
The expfeSSion written above does not include any lbss of coherence
during trapping. To correct thét; we must write an equation for the
rate of change of the density matrii, and then perfbrm‘an average over
the possible positions of the atoms engaged in -the transfer of excitation.
Barrat,'working from the above expression, has done this and derived
approximate expressions for the coherence time of the polarization.
However Barrat had not included the Doppler shape 6f the resonance line,
D'yakqnoﬁ and Perel (DP65) extended Barrat's work to include
the Doppler shape of the resonance line. They also expressed the

*

density matrix of the excited state Zeeman levels, Pum'™ 2n' 3n? in a

spherical basis. The elements of the density matrix in this basis

are p(O)’ pé}), and péz). p(O) is the sum of the populations of the
Zeeman levels, pé;) measures the polarization of the excited state, and
péz)measured the alignment. In a cell with spherical symmetry, each

of p(L) decays with its own time dependence;'usually approximated by
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the decay constants ye, Y1, and vya. Resonénce trapping in an atomic
beam does not satisfy this assumption of spherical symmetry because of
the angle-dependent absorption coefficient, so the spherical tensor are
coupled and do not decay independently. However, With_the approximation
of cylindrical symmetry of the afomic beam, the spherical tensor
elements of a given m are not coupled to the elements of a different
m. Thus a theoretical treatment of trapping in an atomic beam might
be directed toward calculating the five decay constants for m= +2 to -

= -2, |

.Except for anvanalyeis of trapping during diffuse reflection

(D071), there have not been'calculationsvof resonance trapping performed
which include realistic tratments of eXperimental geometries. The
Monto Carlo technique which we have empioyed to calculate the decay

time of the excitation did explicitly include the actual experimental
~geometry. This technique could be extended to include polarization
.effects, but only at a considerable cost in program compleXity and
execution time. Of course a Monte Carlo simulation does not increase
our understanding of a physical process, it is only a synthetic
experiment, However a study of the effect of various approximations
on the Monte Carlo simulation might provide guidance in the development

of an analytical theory of trapping. -
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C. Atomic Cascades

With the development of photomultiplier tubes and fast counting
electronics, it has become possible to observe in coincidence the
two photons emitted by an atom during a cascade. This allows a
direct detemination of the lifetime of the state intermediate between
emission of the two photons. Freedman has tabulated the reported
observations of atomic cascades (F72).

A particularly interesting case of an atomic cascade occurs when.
both the initial and final states of the afom have zero total angular
momentum (the intermediate state will then have total angular momentum
of one). The two photons are thén required to have zero total angular
momentum. The state vector of the two photon system can then be
written in terms of the angular momentum states, |J,JZ>, of the
individual photons, |W>=|1,1>1|1,71>2;|1;0;]1,02+l1,—1>1|1,1$2;

When one of the two photons is observed in a certain polarization
state, the wave function collapses to a state of definite polarizétion
of the second photon. It is this quantum-mechanical correlation of
spatially separated systems which makes this case an eiample of the
Einstein-Podolsky-Rosen paradox (EPR35) and led to its use as a test
of local hidden-variable theories (FC72).

If the photons from the cascade are cbserved with imperfect ‘
polarizers, or poiarization—independent detectors, then the photons are
not in pure quantum-mechanical states. A description in terms of a
density matrix is then useful. The density matrix of the two photon

system is p= |¥><¥|, with |¥> as written above. The two detector
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syétéms (including the polarizers) are represented by the operators
e ang 5(2). These operators include the solid angle of acceptance
and ahy polarization dependence of the detectors. The coincidence
counting rate is then written R= TI{scl)e(z)p} whefe the trace operation
involves both‘a sum over polarization sfates and an integral over
photon directions.

The application of a sfatic magnétic field splits the Zeeman
levels of the intermediate state. If the B field defines the z akis,’
then the state of the two photon system becomes |@>=|1,15111,-l>2eiwt
-11,1>1|1,0>2+|1,-1>1|1,1>2e'iwt, where w is the Lamour frequency and
t is the time the atom spent in the intermediate state. With polari-
zation-independent point detectors located on the plus and minus y axis,
the counting rate is found by projecting |¥> onto eigehStates'of photoﬁ'
direction and helicity,-lﬁ;x>, with fi;= +9 and fi= -9, and then suming
over photon helicities:' The projection of angular momentum states on
the states of definite direction and helicity is given by the rotation
matrix, <1,m|f,\>= m}ﬂ%(ﬁ) (JWS9). We then find the correlation-with
no pdlarizers; R(t)= (1/2)exp[-t/T](1+coszwt). The calculations of the
count rate with polarizers in place and oriented parallel is carried
out in the éame manner, but with the photon states projected onto states
of linear polarization. The polarizer-in correlation is then
R(t)= exp[-t/T]-coszwt. This magnetic field perturbation of the polari--
zation correlation has previously been observed by Dumont et. al. (D70)'>
and by Popp et. al., (P70).

With detectors which subtend a finite solid angle, a geometry
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correction must be added to the expressions for the count rates.
The geometry factor is most easily found from the density matrix
description of the photon states. The no-polarizer correlation is

~given by

r(t) = TrieWe@p(t)}

={dn [ d 3 <ﬁ1.,7\1|'1<ﬁ2,}\2|2 D(t)lﬁl,l1>1|ﬁ24,)\z>z '
931 Q2 Ai,A2 _ : ‘

where Q1 (Q2) is the solid angle subtended by detector 1 ‘(detector 2) 'V

and p(t)= |¥(t)><¥(t)|. Ve define £()= s 0 508, (D, (). For
A A
symmetric detector systems on the plus and m1n:us y axes we have

f(z)- -p™m fcl) . Then the correlation is

1 -iwt
{flo -10 * fo-1’ 01}

+ U6 F 11+ £oofoo * £o1o1fir)

1 dwtee 12iwt ¢ ¢

*xe Uyt Y Eogp 10} *ze -11%1-1

For detectors'with a half-angle of acceptance of 6, we have

|

f11 = -“7-’;- (1-cosf) - g- (1-c0536)

fOO = 7 (1-cos8) + %ﬂ(l-cosse)

£

1-1 -121 (l-cose)' - g- (1—c0536)

and flO'

]
(]
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Then we find

2 2 1 2 2 2 4 2 2
R(t) = 3 [£1;]" + 3 [£0l" - 3 £l + 3 1£7_4]" cos”ut

C (1+A2 coszdt)

where A= 4|£, 1%/l |5+ £,12-2]5, 112, With the 30° half-angle
detector systems employed in this work, A2= 0.59.

The density matrix description of the cascade process can be
extended to include resonance trapping. Only the second photon can
‘be trapped, of course. Observation of the first photon in detector
system 1 defines the initial value of the density matrix of the
intermediate state. The time development of this density matrix is
then described by the differential equations developed by Barrat
(or D'yakonov and Perel). The observation of the second photon then
provides a ﬁeasurement of the density matrix after a timé.interval t.
Unfortunately we have only approximate solﬁtions for trapping in
a cell, and no solutions which have been derived for the special

conditions existent in an atomic beam.



1. DPre-existing Appardtus

The apparatus used for this part of the preseh't work has been
described in detail by Freedman (F?Z) , so.only a brief descriptiqn
will be given here. The baéic eiements of the apparatus are a vacuum
system and an oven to provide the beam of calcium atoms; an uitraviolét
excitation lamp, filter, and monitor; two optical systems for
observation of the cascade photbns; each composed of lenses, a filter,
a linear polarizer, and a phototube; and the electronics for observing
coincidences and time interval distributions (figure 11)., The changes |
made in the apparatus for the present work were the consfruction of
a new atomic beam oven and the addition of a pair of coils to provide
a rﬁagnetic field in the interaction region. | |

> torr during runs

- The vacuum system maintained a pressure < 10°
so the mean free path of calcium atoms was long compared to the distance
from the oven to the interaction region. The large capacity atomic beamvv
oven was heated to about 700°C to produce the calcium beam. The density
of the calcium beam was monitored by the photon singles rates observed
for a given intensity of excitation light. Measurement of the thickness
of the calcium deposited on the bulkhead facing the oven provided an
absolute calibration of the calcium beam density. The beam Baffles
defined a beam reétangular in cross section with a size at the inter-
action region of 0.38 cm wide by 0.57 cm high.

The data collection runs in the present work used the Oriel

C-42-72-12 deuterium arc lamp to provide the excitation light. These
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lamps provide a continuqus ultraviolet spectrum. Light of the desired
wavelength (=227 nm) was selected by an interference filter. The
intensity of light at the interaction region was about 2><1O13 photons/
cn?-sec- nm. An RCA 1P28 phototube monitored the 1ntens1ty of the
excitation 11ght during the rums.

The two detector systems were symmetrically placed on opposite
sides of the interaction region. The cone of rays collected by the
423 nm system is centered on a line making an angle of 60° with the
forward direction of the atomic beam. An aspheric lens located one
focal length from»the interaction region brought the collected photons
into a (approkimately) parallel beam. Each beam then passed through
the interference filter for that detector system (selecting either
423 nm or 551 nm) and entered the linear polarizer; The linear
polarizers each consisted of ten'paréllel'plates of thin glass tilted
at nearly Brewster's angle to the beam. The plates could be moved
in or out of the beam and the entire polarizer could be rotated about
the axis of the light beam. The photons passed by each polarizer _
were collected by a second lens and directed onto the face of a photo-
tube (RCA 8850 for the 423 nm side and RCA C31000E 'foi the 551 nm side).
The overall efficiencies (including solid angle) of the two detector
systems (with polarizer plates out) were measured by Freedman to be
m=1.7x10"" for the 513 nm system and n2=1.5x10 "> for the 423 mm system.

The anode pulses from the phototubes went to fast timing discrim- -
inators. The singles rates from the two discriminators were counted.

The logic pulses from the discriminators also went to a fast coincidence
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module to measure the total coiﬁcidence rate, and to the §tart and

stop inputs of a time-to-amplitude converter (TAC) . The output of |

the TAC was recorded by a pulse-he:ight anaiyzér (PHA). The contents

of the PHA memory were later récorded by é typewfifer .énd on punth cards.

2. Atomic Beam Oven

The oven used in the previoué work on this .apparatus (F72) was
machined from a block of tantglum. ;Thé orifice‘A of that oven was _
heated by a circuit separate from that which heated the body.b The -
bean effused from a 3.5 cm long by 0.25 cm diameter c}rl'iridrical_channel.
However during operation , the mean free path of calcium atoms in the
oven is only about 0.3 cm, so the conditions for channeled flow were ”
not satisfied. Furthermore the high impedence of this long channel .
restricted the flow of calcium when:attentpts were ﬁade to Tun at high
beam densities (to check for the effects of trapping).

A new oven was .desig;ned for the present work with several
criteria in mind: the oven orifice should approximate the ideéi of

an aperature in a thin wall so that high beam dens.ities can be achiéved,
the oven should hold a large charge of calcium, and the d\ien should
-provide a stable beam density during Tuns of .lo_ng dUration; The
requirement of a large oven suggests that a material less expensive' _
than tantalum be used. A stainless steel oven of classical dés_igxi :
which was sealed with a tapered plug ofﬂ_stainless steel had"been tried ‘ ‘
before, but calcium had leaked out around the edges cf,the_ plug.

The new oven was contrﬁcted from 304 stainless Steel. The
opening for loading the charge was sealed with a 304 stainless steel

flange which was fastened to the oven body by eight 1/4-20 stainless '
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steel bolts., A disc of 10 mil tantalum sheet was used as a gasket
between the flange and the oven body. The fiange and bolts were painted
with Aqua-dag collodial graphite before assembly to prevent the parts
from seizing during operation at high tem?eratures; There was no sign
of leakage from the flange during operation and disassembly after a
Tun was easier than had been the case with thé previous tantalum Qvén.
The heating elements in this oven were connected into one circuit,
The tapped bolt holes for mounting the flange prevented heaters from
being placed close to the top of the oven. One data collection run
was interrupted by a noiéy phototube, so the oven was remoﬁed and
opened before the charge had been exhausted. It was found that the
calcium had all migrated to the top of the oven chamber, nearly
blocking the oven orifice. This may be the reason that the oven showed
'pobr beam stability, even when operated from a constant current power
supply.
3. Magnetic Field Coils

The criteria for the magnetic field coils were that fhey should
provide a magnetic field of up to 350 gauss at the interaction region,
the field should be constant in time to a few percent accuracy, and the
fields should not vafy over the volume of the interaction region by
more than a few percent. The apparatus had been designed without
provision for adding magnetic coils. The position of the vacuum
chambers and the large 1ineaf polarizers prevented placing the coils
outside the vacuum chamber. The coils were designed to fit inside the

vacuum in the space left around the light baffles. A Helmholtz
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cqnfiguration would havé been preferred for magnetic field unifofmity, :
but that would have necessitated drastic alterations of the two
detector optical systems. Instead the two coils were placed as close
to .the Helmholtz spacing as the pre—existing opfical systems would
allow (figure 12). |

" The first version of the coils Were wound with solid copper wire
on brass water-cooled forms. These coils over-heated when used to
produce fields of about 100 gauss. The final coils were wound with
copper refrigeratioh tubing which was insulated with woven glass
tubing and held in placevWith vacuum-grade epoxy (Torr-Seal). The coils
were hooked in series electrically and comnected in parallel to the
cooling water. The coils produced'a field of 4.5 gauss per ampere of
cufrent.' With a field of 300 gauss at the center of the interactioh
region, the field (which increased aWay from the center because the
coil spacing was greater than the Helmholti spacing) véried by 4.3

~gauss (or 1.4%) over the interation region.
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E. Observations

1. Lifetime

With the new atomic beam oven, we had hoped to produce stable,
reproducible high atomic densities of calcium. However the new oven,
while indeed capable of producing beams of very high density, was
unstable in its operation. The calcium deposited on the bulkhead
facing the oven was not uniform in thickness. At the highest beam
densities this nonuniformity was drastic, projections.of calcium
deposits -1 cm thick appearing at_spots;' The Continuous'monitoring of
the calcium beam denSitybby observation of the photon singles rétes
indicated that the beam density also fluctuatéd in time, It was not
possible to assign a definite value of atomic density to any of the
high density runs. Even the ordering of the runs by atomic dénsity.
is uncertain, At low densities (1es§ than 5X1010/CC) the calcium
deposited was uniform and the singles:rates indicated a stable beam
density. The result from the low density runs were COnsistentvwith
those recorded earlier by Freedman (F72), and with other measurements
of the lifetime of the 1P1 state (WSM69).

The time interval distribution obtained in one of the high
density runs is shown in figure 13, The least-squares fit gives a
lifetime of 21.6+2.4 nsec, or 4.6 times the natural lifetime, Thus
a high degree of trapping had been éstablished. From the thickness
of the calcium deposited during this run, the beam density is estimated
to be SX1011/cc, however considerable uncertainty must be attached to

this number. The signal-to-noise ratio for this rum is much worse
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than for the low den51ty Tuns. Wlth a constant 1nten51ty of excitation
11ght the effect of 1ncrea51ng the beam den51ty is to collect the same
number of true coincidences from an oven charge, but in a shorter time,
Because both of the photons singles ratesvincreases linearly with beam
density, the accidental coincideﬁce rate increases with the'squaré of
the beam density. Thus the ratio of écéidehtal to true coincidencés is
proportional to the beam density. | ‘

The Monte Carlo program CREON gives‘a:trapped 1ifetime of 5.18
times the natural lifetime (or 23.5 nsec) for an atomic density of
5x1011/cc in the interaction region..'Interpolation 6f‘the results of
CREON with various denSitie$ indicates that a dénsity of‘4;ZXi011/c¢
would produce the observed trapped lifetime of'4A6 times the natural
lifetime. This close agreement with. the estlmated den51ty of
‘SXIoll/cc must be con51dered fortultous |

Shortly after this work began, we became aware of the measurements
of Kluge, Otten, and Zimmerman, who had studied'the'resonance_trapping
of the same atomic transition of calcium by a 1evé1 crdsSing technique
(K0Z69) . They succeeded in constructing a cell fof éalcium vapor
cleaved crystals of Mg0. A céllAhad several advahtagesJover an atomic
beam: the atomic denéity in a cell can be accurately cantrolléd'by
adjusting the cell temperature, the cell does not require refilling as
does as atomic beam oven, and the calculation of trapping in a cell is
easier because of the isotropy of atomic motion; Kluge, et. al. have -
obtained good measuremehts of trappedglifétimé és_a'funCtion of atomic
density. The atomic beam method does not seem‘capable’Of_yielding

data of similar quality.
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2. Angular Correlation

The time delay distribution wasbmeasured with a magnetic field
of about 90 gauss at the interaction region and with both polarizers
removed from the system. The atomic denSity in thé'interaction
region was maintained at about Sglolo/cc. The time distribution in an
ideal system (no trépping; no geometry correction, no background) would
be (1/2)ekp[—t/f](1+coszmt). The observed time delay spectrum from one
of these runs is shown in figure 14. Also shown is a least-squares fit
of the form.A-exp[-t/{](1-R+R'coszwt)+B, where the free parameters were
A, T,bm, and R. The’valﬁes of the parameters found for this run were

A= 925 counts, T= 5.0 nsec, w= 9.0x108

radians/sec, and R= 0,21. This
value of T is close to the untrapped lifetime of 4.7 nsec. Using the
value of 90 gauss for the strength of the magnetic field, the value of
W éorrésponds to a g factor of 1.13. This is in acceptable agreement
with the'ekpected g factor of one, since the magnetic field calibration
was only 10% accurate.

The value of R eXpected in the absence of trépping is 0.5 multi-
plied by the geometry factor of 0.75, or 0.37. At densities higher
" than that used in the run shown in figure 14, the correlation disappeared
completely. Thus the angular correlation seems to be very strongly
affected by trapping; even at densities such that the lifetime is
nearly equal to its natural value. The analysis of D'yakonov ahd
Perel (DP65) suggests that the angular correlation (which depénds upon
the p(Z) tensor) should be more strongly affected by trapping than the

duration of excitation (which depends upon the p(o) tensor). That is,
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Y, is larger than Y, at the same atomic density. However the apparent
ratio of Y, to Yo in the case studied here is larger than can be
justified by the results of D'yakonov and Perel. This may be due to
the peculiar nature of the angle-dependent coefficient for an atomic
beam, but without a quantitatiVe.theoretical analysis of this problem,

we can only speculate.

The time delay spectrum of the linear: polarization correlation
was measured with a field of about 90 gauss at the interaction region
and with the two’lihear polarizers oriented parallel to each other.
The distribution observed in one of these runs is shown in figure 15.
Also shown is a least-squares fit of the same form as used for the

angular correlation. For this run the fitted values of the parameters
| 8

‘were A= 145 counts, t= 7.7 nsec, w= 9.SXIO radians/sec, and R= 0.42.
The value of 1 indicates the presence of some trapping (the atomic
density was close to 1><1011 during this run); Using 90 gauss for the
strength of the magnetic field, the value of w corresponds to a g factor
of 1.17, |

The value of R expected in the absence of trapping is'the.ideal
value of one multiplied by the geometry factor of 0.75. The equations
developed by Barrat define a relationship between the trapped life-
time and the polarization of the escaping resonance radiation. While
the situation of trapping in an atomic beam clearly does not satisfy -

the assumptions made in Barrat's analysis, his results do provide a

convenient approximation to our observations. In his parameterization
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of trapping, the lifetime observed in this run suggests that the -
average prdbability of photon escape, x, was 0.4, For an atom with a
J=1 to J= 0 transition, Barrat gives the polarization of escaping
radiation as (1-x)/(1-3x/5), whiCﬁ yields>0.79 for x= 0.4. Combining'
this with the geometry factor of:0.75, we predict a value of R of 0.59,
larger than the observed value of 0.42, This discrepency might be
interpreted as resulting from the unusual properties of the absorption
coefficient of an atomic beam, but Barrat.also found that the polari-
zation of resonance light from a cell failed to follow the predicted

dependence on atomic density.
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V. CONCLUDING REMARKS

Our experiinents with the optical pumpingf of ngos have shown
the limitations of this tedmiqué for the measurement of parity
violation effects. The dual requirements for the observation of
the small gamma-ray asymmetry induced by the weak nuclear potential
are the achievement of a high degree of polarization; but with a
sample of high activity. We have found that the resonance trapping
of the optical pumping light prevents the simultaneous satisfaction
of these two requirements. While optical pwnping of radioactive
isotopes may be a useful technique for the measurement of larger
effects (such as the electron asymmetry in beta decay); it does not
appear to be applicable to the measurement of the very small effects

~associated with parity violating nuclear forces.
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Aggendix I.

.................

We consider the problem of a parallel beam of polarized light
incident from a vacuum onto a flat surface of a metal of conductivity
o. We choose a coordinate system with the z-axis normal to the metallic
surface and the direction of the incident light beam (given by the unit
vector k) is assumed to be in the X-zv i)lane. The electric field of

the incident light beam is written

1

E. = EO(615> + ezcoseft + ezsineﬁ).eicp[if-ic*]
where 6 is the angle between k and the z-axis so that k= sinéR-cos62.
The electric field of the reflected beam is
B, = Ey(e}f - ecosoR + e}sine?) exp[ik'-X]
where K'= sinof+cos02 is the direction of the reflected light beam.

Using the relation B= & E, which is valid in a vacuum, we have

: ﬁ.
'1

Eo(elcoseﬁ + elsin92 - ezy) exp[ﬂsz]

ﬁr = EO(-eic0562 + eisineﬁ - eé?) exp[ﬁc*'-;]

By matching the boundry conditions at the metal surface, we obtain
equations relating ei and eé to the incident polarization coefficients
€, and €y-

With a metal of infinite conductivity, the tangential component

of the electric field vanishes at the boundry. However with a metal

of finite conductivity,the tangential components of E and A are related
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by the equation (J62) 4 :
E, = o o (1-1) (2+H

it = Jﬁ&'( D).

In terms of the quantities defined above, we have for the tangential

components of the fields, evaluated at the origin,

Et = Ey[(e,*e])9 + (ez-eé)ﬁ cos8]

ﬁt = By [(e1-€])cosOR - (e,%e3)9]

Substituting these efcpressions into the boundary condition, we obtain',

R ." ”g‘%‘ (1-i)cos®
= - €

1+ J-g%;' (1-i)cos®’

1

w .
cosf - o (1"1)

cosf + J-S-%"(l—i)

€2

The reflectance for normal incidence is R= 1-4//8mo, and the measured
reflectance of aluminum for 254 nm light is 0,90, so we have

Yw/8mo= 0.025. With B= cos6v/w/8mo and y= vw/8no/cos6, we have

i

ej/ey = (1-6+i8)/(1+B-iB)

I}

ey/ey = (L-y+iv)/(l+y-iy)

Thus the phase change for light polarized parallel to the surface is
¢12 arcsin2B and the phase change foril_ight polarized perpendiculai‘

to the surface is ¢~ arcsin2y. As the direction of the incident 1_ight_'
cha'nges' toward glancing incidence, y becomes large and the phase re-

tardation of the perpendicular component becomes larger than the re-

tardation of the parallel component., Thus left hand circular



..]_16..

polarization is produced from an incident light beam with €,= -g,

when the incident a_hgle is such that y= 0.5,
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Appendix II,

The Integral G (oz,B) f X exp[ X ] dx
1+ (ox- B)

Any scheme to solve thé resonance trapping problem in an étomic
beam by numerical methods (either by integration of the differential
equation or Monte Carlo simulation) must evaluate G2 (a,B) many tirheé
with a wide range of values of o and .8. The usual numerical inte-
~gration techniques, while capable of high accuracy, are not fast
enough when the integral must be evaluated many times during a cal-
culation. Thus we have 1ooked for techniques by which this integral
might be rapidly evaluated to rough accuracy,

We consider the related complex integral fz (z)= fo: xzexp[-xz]-

- (sz)'ldx. The real and imaginary parts of fz’(z) are, with z= atib,
Rel£,(2)} = [7 (x-a)xexp[x"] ((x-a) 2y ™

In{£,(z)} = b f°° xexp[-x2] ((x-a) b2y 71
So that G (oc B)= (1/0) Im{f (B/a+1/a)} By defining the complex integral
f (a+1b) fwexp[ -X ](x—a ib)”~ dx we have

B— Im{f (a+1b)} = —C+ ZaRe{f (a+1b)} + (az/b b)Im{f (a+ib)}

so that the evaluation of G2 is reduced to the evaluation of fo (atib).

2

By defining a new variable, t= x~, fO can be written as a Fourier

transform and looked up in a table (CF42).

£, (a+ib) = T (-a-ib) “Eexp[-a- 1b]Erfc(f_"F)—a T
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Thus G, has been expressed in terms of a well known function, the error
function of complex argument. However f, (8/d+‘i/d) has singulafities
at important values of o and 8. These singularities caincei to give
finite values of G2 (d,B) , but mmxe_rical apprbicimations for Erfc(v/-z)
cannot be employed in the region of fhese singularities.

We note that G, (d,B) can be eitpliCitly evaluated for o= B= -0;
G,(0,0) = jszexp[-xz]dsp /i/4= 0.443. We ask if it is possible to
_ generate values for G2 for non-zero values '_ of o énd'B f‘rom‘ this value
at the origin. It is possible to make a power »series' expansion of
G, about the origin, G,(a,8)= vii/4-B2/i/4-30%//8vaBt+ - .. 'Howevevr. |
the region of o, 8 for which G, must be evaluated extends out to
o= B= 90, far beyond the region of convergence of the power series.

Is there a differential equation satisfied by G, sixch_'.that |
'Gzca,s) can be found from the initial condition GZ(o,o)%'ﬁm We
define G = f:;'c"exp{-xz](1+(ax-s)2)*1di and note that |

6,(,8) = /i/(2a®) - (182)Gy/a? + 286,/
The G , can be; explicitly evaluated for a= 0; GZ (0,B)= /1?/ (4+4'Bz),
Gl.(0,8)= 1/(2+262), GO(O,B)= /E/(Zfzsz).‘ Furﬂlenno'r_ev thevflmctionvs
Gl and G, are solutions of a set' of coupled.first order differential
equations,

-

N | |
g = 77/ (e%) - (e (2287) /)Gy + 486, /o

= 1/a> + /BJot - 43(1-32)Go/a4+(-2/a- (2+108%) /0%)6,

A computer program was written which evaluated G, (,8) by calculating
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Gl(O,B) and GO(O,B), integrating the coupled differential equations
from the point (0,B8) to the point («,B), and c31CUlating G2 from the
values of Gl and G0 found there. However this pfogram was no faster
than a straight-forward numerical integration of the original expres-
sion for GZ;-

The evaluation technique finally employed in the Mante Carlo
simulation of trapping depended upon the fact that while the denominator
of the integrand was a rapidly varying function'qf”x for some o and B,
the numerator was always a smooth function (the numérator only expresses
the velocity distribution of the atoms). Thus the function xzexp[-xz]
was replaéed by a sequence of constant values, fi’ over 30 intervals
from x= 0 to x= 3.0. Within each interval the integral can be

explicitly evaluated,

' .
i

-/. fi(1+(ax-8)2)'1dx = (fi/a)[arctan(axi-B) - arctan(axi_l—ﬁ)]

Xi-1 .

Thus we have the approximation

Gy(a,8) = (1/a) [(£;£; ;) arctan(ax;-g)

which only requires the use of a library routine for the arctan

function.
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Appendix pos

The Monte Carlo Program CRBON

CREON performs a Monte Carlo sunulatlon of the trappmg of -
unpolarized resonance radiation in.an ato_mlc. beam. _ CREON_ generates' -
random starting positions in the beam for excitation of an atom at - A
time t= 0. The transfer of ekcitation from atom to atem_ by a resenance
photon is followed until the photon escapes from the beam, The time '
of escape is recorded on a hlstogram, ‘and the process is repeated
Thus CREON simulates the count rate d1str1but10n of photons escaping
from the beam as a function of time elapsed since the initial excita-
tion process (emission of the preceeding photon in the'_'c‘as‘e of a
caScade)'. . B | |

The sequence of events in a CREON simulation is as follows
Wherever the word generated is used, it means the quant1ty referred
to is calculated from a (set of) random numbers (s)

| 1. Start. - Contents of the hlstogram are set to zero.
2. . Initial position of eitcitatden is generated, time
'is set to zero. | |
3. Velocity of the initial ‘atom is. generated,
4. Duration of exc1tat10n‘ of that atom 1s generated
Time is mcremented by that amount
; Dlrectmn of emltted photon is generated

5

6. Frequency of emitted photon is gene_rated.

7.  Propagation distance of photon is generated.
8

New position of the excitation is calculated,
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9. If the new positioﬁ is outside the defined boundries
of the beam; the photon has escaped and the program
goes to step 11. If the new position is inside the
beam, the program>goes to step 10.
10. Velocity of the new excited atom is'generated.
Program goes to step 4.
11. One count is added to correct channel of the histogram,
_ Program goes to step 2,

The program cycles through step 2 for the number of simuiated events

desired. As usual in Monte Carlo simulations, the agcuracy of the

Tresults iﬁproves'with the number of events generated, but at a cost

of computer time,

The random generating library routines, when called, return a
number, R, uniformly distributed in the interval 0 <R < 1.0, From
this uniformly diétributed quantity the random variables to be
~generated in each step are derived in the manner described below.
Step 2. The coordinates X, y, and z are uniformiy generated in a

redtangular solid by formulas such as x= (R-0.5)* (width of
atomic beam).

Step 3. In the excitation process employed in this work, all atoms
in the interaction region have equal probability of being
excited, Thus the probability of the initial excited atom
having a velocity v is proportional to the nunber of atoms |

2

with that velocity, v -exp[-vz/v%]. This function has already

been approximated (for the calculation of Gz(a,B)) by a
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series of constant values on 30 intervals from v/ve= 0 to
v/ve= 3.0; The total area under fhesé recﬁangles is v/m/4=
0.443, If any random quantity, x, has a.probability distri-
bution P(x) on the interval (a,B), then the quantity
s . Jarmi
Prmar

is uniformly‘distributed on the‘interval'(o,l,O). ’This'
suggests how any probabilityldistribution can be génerated
from a unifbrnndistributioh. A quantity called SET is genér-
ated by SET= R*0.443. The value Of'v; such that the area
under the rectangles from v= 0 to that value §f v equals SET,
is then found. This value of v has the desired probability
distribution. | o | |

Step 4. The decay of the excitation of the atom follows an exponential
distribution with a lifetime of T, vThe dﬁrétion of excitation
is generated by At= -t*1n(R).

Step 5., A uniform spherical distribution of polar angles 6, ¢ is

- generated by cosf= 2.*R-1.land by ¢= 2m*R,

Step 6. The frequency of the emitted photon follows a Loreﬁtzian
distribution of width v, cgptered at wo plus a Doppler
shift corresponding to the velocity of the atom and thé
direction of the photon relétive to that velocity. The
frequency is generated'by.w% w;(1+(v/c)cose)+(y/2)tan(vR-w/2).

Step 7. First the attenuation coefficient k(w,8) is calculated -




Step 10.
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from Gz(a,B) in the mammer described inﬂAppendix IT. The
propagation distance follows an expdnential distribution
with mean distance 1/k(w,8). The distance is generated

by %= -In(R)/k(w,0).

The procedure here is similar to Step 3, except that the
probability of the photon being absorbed by.an atom of
velocity v is proportional to the number of atoms of that
velocity multiplied by a Lorentzian absdrption curve. This"
function is the one which was integrated from v= 0 to

v= 3;0 to calculate Gz(d,B). A quantity SET is generated by
SET= RﬁGZ(a,B), and the value of v such that the area under
the function from zero to that value of v equals SET is

found.
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